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PROBLEM STATEMENT 

This report describes an ongoing research effort funded by the U.S. Army Research Office to 

investigate the fundamental fluid dynamic mechanisms and interactions within high-speed 

separated flows. The overall effort has concentrated on detailed experimental investigations 

aimed at gaining an improved understanding of these mechanisms and interactions. The 

investigations of separated-flow problems have been focused on missile and projectile afterbody 

and base flows and on the interactions between the base and body flows. 

Professor Craig Dutton and his graduate students have conducted this series of experiments on 
two-dimensional, axisymmetric, and three-dimensional base-flow configurations utiHzing a 

number of conventional and advanced diagnostic techniques. These include: schheren and 
shadowgraph photography, surface streakline visualization, mean and fluctuating pressure 

measurements, laser Doppler velocimetry, particle image velocimetry, Rayleigh/Mie scattering, 
planar laser-induced fluorescence, and pressure/temperature-sensitive paint measurements. This 
information concerning the mean and fluctuating characteristics of the flowfields in and around 
the embedded separated flow regions of high-speed flows has been used to characterize base 
flows and closely related mixing layers at both subsonic and supersonic speeds. 

The purpose of this final progress report is to collect and present in their entirety the research 
findings for the near-wake base-flow and related problems that have been investigated under the 
sponsorship of the U.S. Army Research Office through Grant No. DAAG55-97-1-0122. The 
Technical Monitor for this research has been Dr. Thomas L. Doligalski, Chief, Ruid Dynamics 

Branch of the Mechanical and Environmental Sciences Division. The author of this report and 
his graduate students are deeply indebted to Dr. Doligalski for his support and technical 
comments throughout the course of these studies. 

In all cases for which the experimental efforts have yielded significant new results, the 
information has been presented at professional meetings and/or published in the archival 

literature by the individual researchers. This final report highlights this work and includes copies 
of the appropriate publications for completeness. In the case of master's and doctoral theses, 
which are generally quite long and detailed, a summary of the theses is provided and the 
appropriate reference to the full document is given. In most cases, the conference and archival 
publications are based upon the detailed work reported in these theses. 



FINAL PROGRESS REPORT ORGANIZATION 

The overall organization of this report has been arranged to detail the major accomplishments of 

the research effort in a concise way. Each research investigation is described briefly, and the 

associated publication is included in the appendix. The inclusion of a copy of each publication is 

intended to ease the burden on the reader in obtaining conference proceedings papers and other 
publications that may be difficult to access. 

The relatively brief "text" of this final report has been outlined and organized to provide quick 

reference to a particular topic of interest. Most of the research results have been made available 

through the technical meetings and publications of the American Institute of Aeronautics and 

Astronautics (AIAA). In those instances when a detailed paper is available, only a brief 

description is given, and the reader is referred to the appropriate appendix for further details. 

After the summary of research results, the next three sections of the report provide lists 

concerning several administrative matters related to the subject research grant. These include a 
list of the journal articles, conference proceedings papers, and graduate student theses published; 
a list of faculty and graduate student participants, including advanced degrees earned; and a 
report of inventions. 

The strong commitment of our research group toward developing an understanding of the base- 
flow problem is evidenced by the multi-year development and assembly of advanced 

experimental equipment that will provide high-quality and well-documented experimental data 

for comparison to the computational work of other researchers. Indeed, our data have been used 

widely both nationally and internationally for this very purpose. Although this final technical 
report summarizes our recent four-year effort, our research group is continuing its work on the 

base-flow problem and anticipates further significant contributions to the understanding of the 
fundamental mechanisms and interactions within high-speed separated flows. 



SUMMARY OF RESULTS 

This section summarizes the results of our ongoing research program concerned with fluid 
dynamic mechanisms and interactions occurring in high-speed separated flows. In each section 
below, the most important results are abstracted from the journal articles, conference proceedings 
papers, and graduate student theses that have been completed under the support of this research 

grant. 

A.1     TIME-SERIES   ANALYSES   OF   WALL   PRESSURE   FLUCTUATIONS   IN 
PLUME-INDUCED SEPARATED FLOWFIELDS 

The separation shock wave motion in a plume-induced, boundary-layer separated 

flowfield was studied experimentally. The statistical properties of the shock wave motion were 

determined over the intermittent region using time-series analyses of wall static pressure 

fluctuation measurements. The standard deviation of the pressure fluctuations, 

nondimensionalized by the local mean pressure, reached a maximum of 0.22 near the middle of 

the intermittent region. The ratio of the maximum standard deviation of the pressure fluctuations 

over the intermittent region to the mean pressure difference across the intermittent region was 

calculated to be 0.43 for this flowfield. Both of these quantities demonstrate that the unsteady 

pressure loading caused by the shock wave motion has essentially the same magnitude in plume- 

induced separated flowfields as in flowfields produced by solid boundary protuberances. 

The complete text of this journal paper may be found in Appendix A.l. 

A.2     PLANAR VISUALIZATIONS OF LARGE-SCALE TURBULENT STRUCTURES 
IN AXISYMMETRIC SUPERSONIC SEPARATED FLOWS 

The spatial evolution of large-scale turbulent structures in the shear layer of an 

axisymmetric, supersonic separated flow has been investigated. The experimental diagnostic 

used was planar visualization of condensed ethanol droplets that were suspended in the 

supersonic free stream. Spatial correlation analyses of large ensembles of images show that the 

mean side-view structure is highly stiained and elliptical in shape and is inclined toward the local 

free stream direction. It is also shown that the effect of lateral streamline convergence for this 

axisymmetric case causes a reduction in side-view structure size and eccentricity at the 

reattachment point as compared to the planar case. End-view structures are wedge shaped, wider 



on the free-stream side than on the recirculation-region or developing-wake side. It is concluded 

that the wedge shape is caused by the axisymmetric confinement of the shear layer as it 

approaches the wake centerline. The average number of structures present in the end-view plane 

decreases significantly from 10-14 at recompression to 4-5 in the developing wake region. 

Evidence of an amalgamation of end-view structures in the images at the reattachment point 

illustrates one of the mechanisms responsible for this reduction. 

The complete text of this journal paper may be found in Appendix A.2. 

A.3     A    METHOD    FOR    SEPARATING    SHOCK    WAVE    MOTION    AND 
TURBULENCE IN LDV MEASUREMENTS 

Two-component laser Doppler velocimetry (LDV) measurements were made in a planar, 

two-dimensional flow containing an unsteady oblique shock wave formed by the convergence of 

two supersonic streams past a thick plate. High-speed wall pressure measurements locate the 

shock wave and, consequently, allow separation of the effects of shock wave motion from the 

turbulence fluctuations in the LDV measurements of the shock-separated free shear layer. In the 

current flow isolating the large-scale changes in the position of the shock from the turbulence 

primarily reduces the experimental scatter rather than significantly changing the shapes or 

magnitudes of the turbulent stress profiles. Changes in the direction of shock motion do not 

significantly affect the mean velocity, but do affect the turbulent stresses. 

The complete text of this journal paper may be found in Appendix A.3. 

A.4     A PROCEDURE FOR TURBULENT STRUCTURE CONVECTION VELOCITY 
MEASUREMENTS USING TIME-CORRELATED IMAGES 

This paper describes the development of a technique used to determine the convection 

velocity of large-scale turbulent structures captured in time-correlated images. The crux of the 

procedure centers on a cross-correlation routine that is used to determine the convection distance 

of eddies during the time separation between the image acquisitions. The convection velocity is 

then estimated as the convection distance divided by the time separation of the image pair. This 

cross-correlation routine is capable of analyzing very large data sets in a completely automated 

manner, thereby improving the accuracy and objectivity of the results over manual or partially 

4  . 



automated  procedures.     Guidelines  for optimizing the  experimental   and  computational 

components of this technique are also presented. 

The complete text of this journal paper may be found in Appendix A.4. 

A.5     EVOLUTION AND  CONVECTION  OF LARGE-SCALE  STRUCTURES  IN 
SUPERSONIC REATTACHING SHEAR FLOWS 

Double-pulsed Mie scattering studies were performed to characterize the evolution of 

large-scale structures embedded within a planar supersonic base flow. Images were obtained at 

several streamwise stations along the shear layers, at reattachment, and in the near-wake regions. 

From these time-correlated images, the evolution characteristics of the large-scale structures 

were examined over a range of nondimensional time delays, as defined by local integral length 

and velocity scales. The double-pulsed images indicated that for short time delays (i.e., less than 

the representative eddy rollover time), the structures exhibited a simple translation in the 

streamwise direction. As the time delay was increased, rotation and elongation of the structures 

were observed in addition to the translation feature. Time delays thai appreciably exceeded the 

local eddy rollover time generally resulted in a dramatic loss of structure identity. No eddy 

interactions, such as pairing, were observed at any of the imaging locations. Images obtained 

near reattachment provided evidence of shocklets moving in concert with the local eddies. In the 

initial portions of the shear layers, the mean convection velocit) was measured to be 

significantly higher than the isentropic estimate, which is consistent with the results of previous 

convection velocity studies using mixing layers composed of supersonic/subsonic freestream 

combinations. The eddies decelerate through the recompression and reattachment regions, 

presumably due to the influence of the adverse pressure gradient. Dow nstream of reattachment, 

the large-scale structures accelerate as the wake develops. 

The complete text of this journal paper may be found in Appendix A.5. 

A.6     CONDITIONAL  ANALYSES  OF  WALL  PRESSURE   FLUCTUATIONS  IN 
PLUME-INDUCED SEPARATED FLOWFIELDS 

The separation process in plume-induced, boundary-layer separated flowfields was found 

to be unsteady. Two in situ, fast-response pressure transducers were used to make individually 

and simultaneously sampled wall pressure fluctuation measurements over the intermittent region 

of separation shock wave motion. A conditional analysis technique was applied to the pressure- 



time histories, and statistical methods were then used to analyze the period, frequency, and 

velocity ensembles of the shock motion. The mean frequencies of this motion ranged between 

1300 and 1500 Hz over the intermittent region, and the most probable shock wave frequencies 

occurred between 1 and 4 kHz over this region. The maximum zero-crossing frequency of the 

shock wave motion was approximately 500-600 Hz. The mean (approximately 3.5% of the 

freestream velocity) and most probable (approximately 6% of the freestream velocity) shock 

wave velocities in either direction were found to be essentially constant over the intermittent 

region. These results are compared to those for shock wave/boundary-layer interactions caused 

by solid protrubemaces. 

The complete text of this journal paper may be found in Appendix A.6. 

A.7  VELOCITY MEASUREMENTS IN A SHOCK-SEPARATED FREE SHEAR 
LAYER 

Two-component laser Doppler velocimetry measurements were made in a planar, shock- 

separated free shear layer formed by the convergence of two supersonic streams past a thick 

plate. High-speed wall-pressure measurements were used to locate the unsteady shock wave 

formed by the interaction and, consequently, facilitated separation of the effects of shock motion 

from the turbulent fluctuations in the velocity measurements of the shear layer. Shock-induced 

flow separation dramatically increases the turbulent normal and shear stresses. The shock- 

separated shear layer displays a positive shear stress region between separation and reattachment. 

Reattachment produces a shift in turbulent kinetic energy from the streamwise component to the 

transverse component. The region of shock motion has a relatively constant width, irrespective 

of distance from the wall. 

The complete text of this journal paper may be found in Appendix A.7. 

A.8     SHEAR   LAYER   FLAPPING   AND   INTERFACE   CONVOLUTION   IN   A 
SEPARATED SUPERSONIC FLOW 

The steadiness and convolution of the interface between the freestream and 

recirculating/wake core regions in an axisymmetric, separated supersonic flow were studied 

using planar imaging. Five regions along the shear layer/wake boundary were investigated in 

detail to quantify the effects that key phenomena, such.as the recompression and reattachment 

processes, have on the development of large-scale unsteady motions and interfacial convolution. 



These studies show that flapping motions, when viewed from the side, generally increase in 

magnitude, in relation to the local shear layer thickness, with downstream distance, except at the 

mean reattachment point, where they are slightly suppressed. When viewed from the end, the 

area-based (pulsing) fluctuations increase monotonically downstream as a percentage of the local 

area, whereas the position-based (flapping) motions show pronounced peaks in magnitude in the 

recompression region and in the developing wake. The interface convolution increases 

monotonically with downstream distance in both the side- and end-view orientations. 

The complete text of this journal paper may be found in Appendix A.9. 

A.9     FLOW    VISUALIZATIONS    AND    MEASUREMENTS    OF    A    THREE- 
DIMENSIONAL SUPERSONIC SEPARATED FLOW 

The flow along the afterbody and in the base region of a circular cylinder with a length- 

to-radius ratio of 3.0 aligned at a 10-deg angle of attack to a nominal Mach 2.5 freestream has 

been investigated experimentally. The objective is to better understand the mechanisms that 

control base flow for supersonic bodies with a nonzero-angle-of-attack orientation. Laser 

Doppler velocimetry measurements were conducted in the incoming boundary layer to quantify 

the initial conditions at the onset of three-dimensional behavior. Schlieren and Mie scattering 

visualizations were obtained to discern governing flow features and to image the large-scale 

turbulent structures of this separated flow. Surface oil-streak visualizations were obtained to 

determine the three dimensionality of the afterbody surface flow and to deduce the base surface 

flowfield. Pressure-sensitive paint measurements were completed to determine the spatial 

evolution of surface pressure along the cylindrical body at angle of attack and to determine the 

change in base pressure caused by inclination of the body. Results provide evidence of expected 

mean-flow features, including base-comer expansions, separated shear layer development, 

recompression shocks, and a turbulent wake. No evidence of lee-side flow separation was 

detected along the afterbody. However, a strong secondary circumferential flow, which develops 

along the afterbody due to pressure gradients on its surface, results in the entrainment of fluid 

into the base region from the leeward portion of the flow. The average base pressure ratio 

measured for the angle of attack case is 48.4% lower than that measured for zero angle of attack, 

resulting in a significant increase in base drag for cylindrical objects inclined at angle of attack. 

The complete text of this journal paper may be found in Appendix A.9. 



A.IO   THE    EFFECTS    OF    EXPANSION    STRENGTH    ON    LARGE-SCALE 
STRUCTURES IN COMPRESSIBLE FREE SHEAR LAYERS 

Planar visualizations of two compressible free shear layers were performed immediately 

downstream of centered expansions of differing strengths in order to assess the influence of 

expansion strength on the embedded large-scale structures. The free shear layers studied here 

were formed through the separation of an approach flow, either a Mach 2.0 stream or a Mach 2.5 

stream, from a planar backstep. In addition to side-view and end-view visualizations, spatial 

correlations (computed from large image ensembles) and laser Doppler velocimetry surveys of 

the free shear layers were also examined to discern relationships between the structure dynamics 

and the underlying pre- and postexpansion velocity fields. The instantaneous images clearly 

illustrate that ellipsoidal, highly coherent structures were present in both shear layers 

downstream of the expansion comer. The dissimilar expansion strengths did not appear to 

produce qualitatively different structures in the shear layers; however, as compared to the weaker 

expansion, the stronger expansion did result in an increase in the growth rate of the large-scale 

structures, apparently from an augmentation of the < u'v'> dU Idy production term in the TKE 

equation. Furthermore, quantitative measurements of the mean structure geometry, as 

determined from the spatial correlation fields, revealed that a stronger expansion strength 

resulted in a larger aspect ratio of the mean structures (i.e., the structures were stretched 

preferentially in the streamwise and transverse directions as compared to the spanwise direction 

during the expansion process). Quadrant decompositions of the instantaneous velocity 

fluctuations within the approach boundary layers and within the free shear layers indicated a 

definite increase in structure organization across the expansion region, which is in contrast with 

studies of expanded supersonic boundary layers without separation. The instantaneous image 

data, spatial correlations, and velocity decompositions uniformly suggest that the separation 

process itself, and not the expansion strength, is the primary influence on initial eddy structure in 

the postexpansion free shear layer. 

The complete text of this journal paper may be found in Appendix A. 10. 

A.ll   EFFECTS OF BOATTAILING ON THE TURBULENCE STRUCTURE OF A 
COMPRESSIBLE BASE FLOW 

The large-scale turbulent structures in the near wake of a boattailed, axisymmetric 

afterbody immersed in a supersonic flow are examined using a planar Mie/Rayleigh scattering 
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visualization technique. Seven key regions in the near wake are studied in both side- and end- 

view orientations. Estimates of the mean structure size, shape, and inclination are made using 

spatial correlation analysis, and the effects of the turbulent structures' passage are measured via 

steadiness and convolution analysis techniques. The results indicate that base drag is decreased 

by afterbody boattailing because the turbulent structures are generally less active in the separated 

flow region, and, as a result, shear-layer growth is suppressed. The latter result occurs because 

the large-scale turbulent structures are further inclined down toward the mean flow direction and 

tend to be organized more in the streamwise that in the spanwise direction near the base. 

The complete text of this journal paper may be found in Appendix A. 11. 

A.12   MIXING    ENHANCEMENT    IN    COMPRESSIBLE    BASE    FLOWS    VIA 
GENERATION OF STREAMWISE VORTICTY 

Previous studies employing flow visualization techniques and pitot pressure 

measurements have shown that asymmetries in the pressure field of the jets issuing from ideally 

expanded converging and ideally or overexpanded converging-diverging nozzles are caused by 

stationary streamwise vortices present in the flowfield. The origins of these vortices have been 

traced to imperfections in the nozzle surface. Krothapalli et al. assert that imperfections as small 

as 1/12* of the boundary-layer velocity deficit thickness are sufficient to trigger such behavior. 

Stationary streamwise vortices such as these were shown to improve the mixing 

characteristics of axisymmetric jet flows by increasing the stream interface area and overall shear 

layer thickness. Therefore, these researchers found it beneficial to promote streamwise vorticity 

generation by inserting surface disturbances onto the nozzle lip. King et al. found that the most 

effective shape for generating streamwise vortices in a supersonic jet is an isosceles triangluar 

tab, placed flush on the surface, with an apex angle of 25-30 deg. This study also found that 

increasing the tab thickness increased the shear layer thickness, although the benefit was 

relatively small when compared to that of the thinnest significant tab disturbance. 

Extension of such a technique to base flows seems quite natural. If the streamwise 

vorticity generated from the tabs survives the base comer expansion fan, which has been shown 

to damp turbulence in the developing shear layer, it could significantly influence the turbulence 

structural organization in the near-wake region. Influencing the turbulent structure organization 

(and thus mixing between the freestream and core fluid) may substantially alter the base pressure 

and drag characteristics of a bluff object. This is the subject of the current Note. 



The complete text of this journal paper may be found in Appendix A. 12. 

A.13   VELOCITY     MEASUREMENTS     IN     A     PRESSURE-DRIVEN     THREE 
DIMENSIONAL COMPRESSIBLE TURBULENT BOUNDARY LAYER 

The flow characteristics of a three-dimensional, compressible, turbulent boundary layer 

have been investigated experimentally. The three-dimensionality was generated by inclining a 

cylindrical afterbody at 10° angle-of-attack to a Mach 2.45 freestream. The objective of the 

study was to determine the mechanisms that govern the growth and behavior of pressure-driven, 

three-dimensional, compressible, turbulent boundary layers. Laser Doppler velocimetry was 

used to determine mean velocity components and turbulence statistics. The results show a 

significantly thicker boundary layer on the leeward side of the body than in the windward region. 

This circumferential variation in boundary layer thickness is caused by the pressure-driven 

circumferential flow, which provides a mass surplus in the low-pressure, leeward region and a 

mass deficit in the high-pressure, windward portion of the boundary layer. In addition, the 

pressure discontinuity at the angular junction and the axial pressure gradient also play a role in 

the boundary layer growth. Turbulent normal and shear stresses peak very near the wall, with an 

initial streamwise peak forming at the interaction of the oblique shock/expansion fan with the 

boundary layer. The highly turbulent fluid on the windward side of the body is transported 

towards the leeward region by the circumferential flow in the boundary layer. 

The complete text of this journal paper may be found in Appendix A.13. 

A.14   PLANAR VELOCITY MEASUREMENTS IN A WEAKLY COMPRESSIBLE 
MIXING LAYER 

High-vector-density planar velocity fields were obtained for a weakly compressible 

mixing layer using particle image velocimetry (PIV). The velocity ratio of the mixing layer was 

0.53, the density ratio was 0.67, and the convective Mach number was 0.38. At the location 

where the PIV images were obtained, Re^ =3.7x10* and Re^^= 1.8 x 10^. The instantaneous 

planar velocity fields fall into three regimes characterized by the size and number of large-scale 

structures present. The large-scale rollers are either circular or elliptical, with the elliptical 

rollers having, in general, horizontal major axes. The transverse velocity fluctuations and 

Reynolds shear stress are suppressed for the weakly compressible mixing layer as compared to 

the incompressible case. The spatial correlations of velocity fluctuations also occupy a smaller 
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fraction of the mixing layer thickness than for an incompressible mixing layer. The linear 

stochastic estimate of a roller structure is elliptical with the major axis oriented in the streamwise 

direction and with an eccentricity greater than for the incompressible case. The hnear stochastic 

estimate of a braid suggests that the braids are vertically oriented, as opposed to the oblique 

orientation seen in incompressible mixing layers. In addition, the braids in the weakly 

compressible case have a vertically oriented stagnation line, as opposed to the braids in the 

incompressible mixing layer where stagnation occurs at & point. 

The complete text of this journal paper may be found in Appendix A.M. 

A.15    STOCHASTIC ESTIMATION OF LARGE STRUCTURES IN AN INCOMPRES- 
SIBLE MIXING LAYER 

High-vector density planar velocity fields were obtained for an incompressible mixing 

layer using particle image velocimetry (PIV). The velocity ratio of the mixing layer was 0.575, 

and the density ratio was unity. At the location where the PIV images were obtained, 

Re^ = 1.8x lO'and Re^^ = 1.1 x 10"*, and the pairing parameter was Rx/X = 8. Preliminary hot- 

film measurements showed the mixing layer mean velocity and turbulence profiles to be self- 

similar at this location. The mixing layer was found to be largely two-dimensional with well- 

organized Brown-Roshko roller structures and braids. Measured velocity fluctuations and 

Reynolds shear stress data agree well with previous experimental results. High-resolution spatial 

correlation fields of velocity fluctuations were obtained. The R„^, correlation is a horizontally 

oriented ellipse with a slight inclination from horizontal.   The R^.^,correlation is a vertically 

oriented ellipse. Linear stochastic estimates of roller structures and braids were calculated from 

the correlation fields based on the deformation tensor. The linear stochastic estimate of a roller 

suggests that these structures are very slightly elliptical with a horizontal major axis. The Unear 

stochastic estimate of a braid suggests that the braids are obliquely oriented with stagnation 

occurring at a point. 

The complete text of this journal paper may be found in Appendix A. 15. 
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A.16   EFFECTS   OF   AN   AXISYMMETRIC   STRIP   DISTURBANCE   ON   THE 
TURBULENCE STRUCTURE OF A COMPRESSIBLE BASE FLOW 

The turbulent structures in the highly compressible near-wake region of a cylindrical 

base, to which an axisymmetric sub-boundary layer strip disturbance has been applied, are 

examined in detail using a planar Rayleigh/Mie scattering visualization technique. When the 

downstream edge of the axisymmetric disturbance is placed approximately 12 momentum 

thicknesses upstream of the base termination, a base pressure increase of approximately 3 

percent is noted over the no-tab case. Analysis of the large-scale turbulent structure 

visualizations indicates that, near the base, low-order axisymmetric and helical disturbances are 

present in the developing shear layer. As the shear layer travels downstream of the base, the 

prominence of these disturbances is quickly diminished, due to the high convective Mach 

number (1.3) associated with the shear layer near the base. The increased base pressure due to 

the presence of the axisymmetric disturbance is attributed to the transfer of turbulent energy into 

instability modes that are not supported in the near-wake region. 

The complete text of this journal paper may be found in Appendix A. 16. 

A.17   PLANAR  VELOCITY  MEASUREMENTS   IN  INCOMPRESSIBLE  MIXING 
LAYERS 

Instantaneous, planar velocity measurements have been made for an incompressible 

mixing layer using a facility that was designed and built specifically for particle image 

velocimetry (PIV) experiments. The mixing layer has a high-speed freestream velocity of 40 m/s 

and a low-speed freestream velocity of 23 m/s, corresponding to a velocity ratio of r = 0.575. 

The mixing layer was first characterized using hot-film anemometry by measuring mean and 

fluctuating velocities and power spectra. An ensemble of 15 PIV photographs was then obtained 

at a location 150 mm downstream of the tip of the splitter plate, where the mixing layer is fully- 

developed. The spatial resolution of the velocity vector fields is 0.4 mm, and the fields consist of 

100 vectors in the streamwise direction and 135 vectors in the transverse direction. Velocity and 

vorticity fields are presented, as well as enlargements of flow features of interest. The velocity 

fields provide intricate detail about large-scale structures in the mixing layer. The pairing of 

large-scale Brown-Roshko structures is seen, and in both velocity vector and vorticity plots, it 

appears that the interacting roller structures retain some of their individuality after the pairing is 

seemingly completed. In addition, the three-dimensionality of the mixing layer is clearly seen. 
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with sink-like structures observed at the centers of some of the large-scale structures.  Finally, 

details of the shape and orientation of the roller structures are observed.   While most of the 

structures are roughly circular in shape, some are eUiptical with relatively large eccentricity. 

The complete text of this conference paper may be found in Appendix A. 17. 

A.18   A PROCEDURE FOR TURBULENT STRUCTURE CONVECTION VELOCITY 
MEASUREMENTS USING TIME-CORRELATED IMAGES 

This paper describes the development of a technique for determining the convection 

velocity of large-scale turbulent structures captured in time-correlated images. The crux of the 

procedure centers on a pattern-matching algorithm employing cross-correlations to identify 

structures in the initial image and then to track them in the delayed image. The convection 

velocity is then estimated as the convection distance divided by the time separation of the image- 

pair. Since each image-pair produces a single convective velocity realization, a large ensemble 

of image pairs can provide a mean convection velocity, as well as high-order moments such as 

rms estimates. This cross-correlation routine is capable of analyzing \cry large data sets in a 

completely automated manner, thereby improving the accuracy and objeciiviiy of the results over 

manual or partially automated procedures. Guidelines, derived from parametric studies 

involving the relevant length and time scales of the flow, are presented for optimizing the 

experimental and computational components of this technique. Successful strategies for image 

processing and histogram filtering are also discussed. Lastly, performance criteria of the overall 

procedure, including the results of a standard uncertainty analysis, are presented. 

The text of the abstract of this paper may be found in Appendix A.18. 

A.19   FLOW    VISUALIZATIONS    AND    MEASUREMENTS     OF    A    THREE- 
DIMENSIONAL SUPERSONIC SEPARATED FLOW 

The flow along the afterbody and in the base region of a circular cylinder with a length- 

to-radius ratio of 3.0 aligned at 10°angle-of-attack to a Mach 2.5 freestream has been 

investigated experimentally. The objective of this study is to better understand the mechanisms 

that control the base flow for supersonic bodies with a non-zero angle-of-attack orientation. 

Schlieren and Mie scattering visualizations were obtained to discern governing flow features and 

to image the large-scale turbulent structure. Surface oil-streak visualizations were obtained to 

determine the three-dimensionality of the afterbody surface flow and to deduce the base surface 

13 



flowfield. Pressure-sensitive paint measurements were completed to determine the spatial 

evolution of surface pressure along the cylindrical body at angle-of-attack to determine the 

change in base pressure caused by inclination of the body to non-zero angle-of-attack. Results 

provide evidence of expected mean-flow features, including base-comer expansions, separated 

shear layer development, recompression shocks, and a turbulent wake. No evidence of lee-side 

flow separation was detected along the afterbody. However, a strong secondary circumferential 

flow, which develops along the afterbody due to pressure gradients on its surface, results in the 

entrainment of fluid into the base region from the leeward portion of the flow. The average base 

pressure ratio measured for the angle-of-attack case is 48.4% lower than that measured for zero 

angle-of-attack, resulting in a significant increase in base drag for cylindrical objects inclined at 

angle-of-attack. 

The complete text of this conference paper may be found in Appendix A. 19. 

A.20   PLANAR VELOCITY MEASUREMENTS IN A WEAKLY COMPRESSIBLE 
MIXING LAYER 

High-vector density planar velocity fields were obtained for a weakly compressible 

mixing layer using particle image velocimetry (PIV). The velocity ratio of the mixing layer was 

0.53, the density ratio was 0.67, and the convective Mach number was 0.38. At the location 

where the PIV images were obtained, Re^ = 3.7x10* and Re^^ = 1.8 x 10^. The instantaneous 

planar velocity fields fall into three regimes characterized by the size and number of large-scale 

structures present. The large-scale rollers are either circular or elliptical, with the elliptical 

rollers having, in general, horizontal major axes. The transverse velocity fluctuations and 

Reynolds shear stress are suppressed for the weakly compressible mixing layer as compared to 

the incompressible case. The spatial correlations of velocity fluctuations are also a smaller 

fraction of the mixing layer thickness than for an incompressible mixing layer. The linear 

stochastic estimate of a roller structure is elliptical with the major axis oriented in the streamwise 

direction and with an eccentricity greater than for the incompressible case. The linear stochastic 

estimate of a braid suggests that the braids are vertically oriented, as opposed to the oblique 

orientation seen in incompressible mixing layers. In addition, the braids in the weakly 

compressible case have a vertically oriented stagnation line, as opposed to the braids in the 

incompressible mixing layer where stagnation occurs at a point. 

The complete text of this conference paper may be found in Appendix A.20. 
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A.21   SHEAR   LAYER   FLAPPING   AND   INTERFACE   CONVOLUTION   IN   A 
SEPARATED SUPERSONIC FLOW 

The steadiness and convolution of the interface between the freestream and 

recirculating/wake core regions in an axisymmetric, separated supersonic flow were studied 

using planar imaging. Five regions along the shear layer/wake boundary were investigated in 

detail to quantify the effects that key phenomena, such as the recompression and reattachment 

processes, have on the development of large-scale unsteady motions and interfacial convolution. 

These studies show that 'flapping' motions, when viewed from the side, generally increase in 

magnitude, in relation to the local shear layer thickness, with downstream distance, except at the 

mean reattachment point, where they are slightly suppressed. When viewed from the end, the 

area-based (pulsing) fluctuations increase monotonically downstream as a percentage of the local 

area, while the position-based (flapping) motions show pronounced peaks in magnitude in the 

recompression region and in the developing wake. The interface convolution increases 

monotonically with downstream distance in both the side- and end-view orientations. 

The complete text of this conference paper may be found in Appendix A.21. 

A.22   EFFECTS OF BOATTAILING ON THE TURBULENCE STRUCTURE OF A 
COMPRESSIBLE BASE FLOW 

The large-scale turbulent structures in the near wake of a boattailed, axisymmetric 

afterbody immersed in a supersonic flow are examined using a planar Mie/Rayleigh scattering 

visualization technique. Seven key regions in the near wake are studied in both side- and end- 

view orientations. Estimates of the mean structure size, shape, and inclination are made using 

spatial correlation analysis, and the effects of the turbulent structures' passage are measured via 

steadiness and convolution analysis techniques. The results indicate that base drag is decreased 

by afterbody boattaiUng because the turbulent structures are generally less active in the separated 

flow region, and, as a result, shear-layer growth is suppressed. The latter result occurs because 

the large-scale turbulent structures are further inclined down toward the mean flow direction and 

tend to be organized more in the streamwise that in the spanwise direction near the base. 

The complete text of this conference paper may be found in Appendix A.22. 
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A.23   STOCHASTIC ESTIMATION OF LARGE STRUCTURES IN INCOMPRES- 
SIBLE AND WEAKLY COMPRESSIBLE MIXING LAYERS 

The complete text of this two-page conference paper may be found in Appendix A.23. 

A.24   VISUALIZATIONS   AND   MEASUREMENTS   OF   AXISYMMETRIC   BASE 
FLOW ALTERED BY SURFACE DISTRUBANCES 

The effects that sub-boundary layer disturbances have on the near-wake turbulence 

structure in a reattaching, compressible, axisymmetric flow are examined. Both delta-shaped 

and axisymmetric-strip disturbances are examined. The effect that the number and thickness of 

delta-shaped tabs and the placement of axisymmetric strip tabs have on the base pressure is 

quantified. These pressure data show that delta-shaped disturbances can generate a base pressure 

decrease of up to 10%, while strip disturbances can generate a base pressure increase of up to 

3%. Planar visualizations in both the side and end views were obtained for key tab arrangements 

using RayleighTMie scattering of condensed ethanol droplets. These visualizations show that 

each delta-tab generates a streamwise counter-rotating vortex pair, which is easily identifiable in 

average images, through the mean reattachment point. The strip-tab configuration generates 

increased symmetric shear layer motion and large, circumferentially eccentric mean end-view 

structures near the base. Both of these effects are quickly damped because of the high 

convective Mach number in the initial portion of the shear layer. 

The complete text of this conference paper may be found in Appcndi x A.24. 

A.25   VELOCITY     MEASUREMENTS     IN     A     PRESSURlvDRIVTEN     THREE 
DIMENSIONAL COMPRESSIBLE TURBULENT BOUNDARY LAYER 

The flow characteristics of a three-dimensional, compressible, turbulent boundary layer 

have been investigated experimentally. The three-dimensionality was generated by inclining a 

cylindrical afterbody at 10° angle-of-attack to a Mach 2.45 freestream. The objective of the 

study was to determine the mechanisms that govern the growth and behavior of pressure-driven, 

three-dimensional, compressible, turbulent boundary layers. Laser Doppler velocimetry was 

used to determine mean velocity components and turbulence statistics. The results show a 

significantly thicker boundary layer on the leeward side of the body than in the windward region. 

This circumferential variation in boundary layer thickness is caused by the pressure-driven 

circumferential flow, which provides a mass surplus in the low-pressure, leeward region and a 
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mass deficit in the high-pressure, windward portion of the boundary layer. In addition, the 

pressure discontinuity at the angular junction and the axial pressure gradient also play a role in 

the boundary layer growth. Turbulent normal and shear stresses peak very near the wall, with an 

initial streamwise peak forming at the interaction of the oblique shock/expansion fan with the 

boundary layer. The highly turbulent fluid on the windward side of the body is transported 

towards the leeward region by the circumferential flow in the boundary layer. 

The complete text of this conference paper may be found in Appendix A.25. 

A.26   PLANAR VELOCITY MEASUREMENTS IN AN INCOMPRESSIBLE AND 
WEAKLY COMPRESSIBLE MIXING LAYER 

High-vector-density planar velocity fields were obtained for an incompressible mixing 

layer and a weakly compressible mixing layer using particle image velocimetry (PIV). For the 

incompressible case the velocity ratio was 0.58, and the velocity fields were obtained at a 

location where Re^ = 1.8x10^ and Re^^ = 1.1 x 10"^, and the pairing parameter was Rx//l = 31. 

Hot-film measurements showed the mixing layer to be fully-developed at this location. The 

velocity vector fields indicate the existence of large, two-dimensional Brown-Roshko roller 

structures with a variety of shapes, orientations, and interactions. A "movie" was generated from 

various vector fields depicting the growth of the mixing layer by rotational pairing of two small 

roller structures into a larger roller.  The mean roller-to-roller spacing was found to be 2.6J^,, 

slightly less than the value of 2.9S^  found in previous flow visualization experiments. 

Conditionally averaged vector fields around rollers and braids were also calculated. The 

conditionally averaged roller structure is essentially round, while the conditionally averaged 

braid is obliquely oriented. Spatial correlations of velocity fluctuations were then determined, 

and these were used to find linear stochastic estimates of roller structures and braids. The Hnear 

stochastic estimate of a roller is slightly elliptical with the major axis oriented in the streamwise 

direction, and the linear stochastic estimate of a braid is obliquely oriented. 

For the weakly compressible mixing layer, the velocity ratio was 0.53, the density ratio 

was 0.67, and the convective Mach number was 0.38. Schlieren photographs show the growth 

rate of the weakly compressible mixing layer to be only 78% of that of an incompressible mixing 

layer with identical velocity and density ratios. At the location where the PIV images were 

obtained,  Re^=3.7xlO^   Re^   = 1.8 x 10^ and Rx/yl = 18.    The planar velocity fields 
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obtained in this study fall into three regimes characterized by the size and number of large-scale 

structures present. The large-scale rollers are either circular or elliptical, with the elliptical 

rollers having, in general, horizontal major axes. The transverse velocity fluctuations and 

Reynolds shear stress are suppressed for the weakly compressible mixing layer as compared to 

the incompressible case. The spatial correlations of velocity fluctuations are also smaller than 

those for the incompressible mixing layer, a consequence of the higher Reynolds number in the 

weakly compressible experiment, and their shapes suggest flattened elliptical roller structures 

with a horizontal major axis. The conditionally averaged and linear stochastic estimate of a 

roller structure in the weakly compressible mixing layer show them to be elliptical with the 

major axis oriented in the streamwise direction and with an eccentricity greater than for the 

incompressible case. The conditionally averaged and linear stochastic estimate of braids 

suggested that they are vertically oriented, as opposed to the oblique orientation seen in the 

incompressible mixing layer. In addition, the braids in the weakly compressible case have a 

vertically oriented stagnation line, as opposed to the braids in the incompressible mixing layer 

where stagnation occurs at a point. 

The complete manuscript of this thesis is available from the author of this report. 

A.27   LARGE-SCALE     TURBULENT     STRUCTURES     AND     MOTIONS     IN 
AXISYMMETRIC SUPERSONIC SEPARATED FLOWS 

An experimental study of the turbulent structures present in an axisymmetric, supersonic, 

reattaching flow has been conducted. Planar Mie scattering from condensed ethanol droplets has 

been implemented to visualize two-dimensional slices of the shear layer that develops between 

the supersonic freestream and low-speed recirculation region immediately behind the base. 

Statistically significant ensembles of images were obtained at key regions in this flow to 

highlight the effect that pressure gradients, axisymmetric confinement of the shear layer, and 

extra rates of strain have on the development of turbulent structures and unsteady motions, such 

as shear layer flapping and pulsing. Spatial correlation fields were computed to determine the 

mean size, shape, and orientation of the large structures. In addition, diagnostic techniques were 

developed to resolve the instantaneous position of the core fluid centroid and fluctuations in core 

fluid area, and to determine the freestream/core fluid interface convolution. 

18 



Turbulent structures with major axis lengths on the order of the local shear layer 

thickness were shown to exist at all locations in the shear layer. The mean structures appear, in 

the side view, to be elliptic in shape, and are inclined toward the local streamwise axis. In the 

end view, the mean turbulent structures appear wedge-like, due to the axisymmetric confinement 

(and predominantly decreasing mean circumference) of the shear layer. In the side view, the 

major axis of these structures peaks in size in the recompression region, not at the mean 

reattachment point as it does in similar planar reattaching shear flows. The increase in the 

convolution of the freesteam/recirculation region boundary is insensitive to the adverse pressure 

gradient in the recompression region, indicating that the increased structure size is due to 

amalgamation, not turbulent structure growth. 

Prior to and through the reattachment process, the flow is relatively free of large-scale 

shear layer position and core fluid area fluctuations. All of the unsteady motions present in these 

regions were of magnitudes less than 0.3 local shear layer thicknesses or 5 percent of the local 

mean area. It was determined that preferential organization of the large-scale structures along 

the Z-axis is responsible for peaks in the RMS centroid displacement in the recompression region 

and in the developing wake. In the developing wake, fluctuations in the instantaneous position 

of the freestream/wake core interface and wake core area are substantially larger, due to the 

increased percentage of wake core fluid occupied by large-scale turbulent structures. 

The complete manuscript of this thesis is available from the author of this report. 

A.28 FLOW VISUALIZATIONS AND MEASUREMENTS OF TURBULENT 
STRUCTURES IN DRAG-ALTERED AXISYMMETRIC COMPRESSIBLE BASE 
FLOWS 

The effects that drag-altering mechanisms, including afterbody boattailing, sub-boundary 

layer disturbances (i.e., tabs), and base bleed, have on the turbulent structures present in the near 

wake of an axisymmetric, supersonic base flow are examined via passive scalar Mie scattering, 

product formation Mie scattering, and acetone planar laser-induced fluorescence visuahzations. 

Kjiowledge of the mean turbulent structure size, shape, and orientation at key locations in the 

flowfield was ascertained by applying a spatial correlation analysis technique, and the bulk 

motion and convolution of the shear layer were also measured. 

A 5° afterbody boattail leads to 20% more (but less active) turbulent structures in the 

end-view, and side-view structures that are larger and more incHned toward the local flow 
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direction, indicating that less mixing occurs in the developing shear layer than for the blunt base. 

End-view shear layer motion (sloshing) was less prominent in the recompression region and 

developing wake due to the weakened activity of the turbulent structures compared to the blunt 

base case. 

Sub-boundary layer disturbances on the afterbody significantly alter the mixing in the 

near-wake region. Delta-shaped disturbances increase mixing and reduce base pressure in the 

near wake due to the generation of streamwise turbulent structures. Axisymmetric strip 

disturbances, conversely, decrease mixing and increase base pressure, since they transfer energy 

into axisymmetric modes that are not amplified in the near wake due to the highly compressible 

conditions experienced there. 

Base bleed alters the turbulent structures in the near wake by altering the base region 

topography. The ejection of bleed fluid into the outer shear layer leads to increased shear layer 

growth and unsteadiness. The wake-core region expands with increasing bleed rates, and 'extra' 

strain rate effects become less prominent in the evolution of the turbulent structures. 

The complex interactions present in the recompression and reattachment regions of the 

flowfield are shown to de-stabilize the turbulent structure organization. The mean structure 

statistics of all drag-altered flowfields demonstrate that the dominant organization present 

upstream is significantly weakened or lost due to passage through these regions. When the base 

bleed rate is sufficient to inhibit the formation of the primary recirculation region, the structures 

evident upstream survive into the developing wake region. 

The complete manuscript of this thesis is available from the author of this report. 

A.29   MEASUREMENTS AND VISUALIZATIONS  OF A THREE-DIMENSIONAL 
COMPRESSIBLE BASE FLOW 

Three-dimensional compressible base flows are created during the supersonic flight of 

cylindrical aerodynamic bodies at non-zero angle-of-attack. In the present study, the flow along 

the afterbody and in the base region of a circular cylinder with a length-to-radius ratio of 3.0 

aligned at a 10° angle-of-attack to a nominal Mach 2.5 freestream has been investigated 

experimentally. The fundamental objective of this investigation is to better understand the fluid 

dynamic mechanisms that govern the behavior of the base flow for supersonic bodies with a non- 

zero angle-of-attack orientation.    Experimental techniques employed in this study include: 
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Schlieren photography, Mie scattering visuahzations, surface oil-streak visualizations, static 

pressure measurements, pressure-sensitive paint (PSP) surface-pressure measurements, and laser 

Doppler velocimetry (LDV) measurements of mean velocity and turbulence statistics. The 

detailed velocity data in the base region presented in this investigation are the first interference- 

free velocity measurements of a three-dimensional compressible base flow of this nature, and 

provide valuable insight into the fluid dynamic processes that occur in this complex flow. 

Flow visualizations provide evidence of expected mean-flow features, including a 

shock/expansion discontinuity of circumferentially varying strength at the angular discontinuity, 

a base-edge expansion fan, a separated shear layer, an asymmetric recirculation region, and a 

turbulent wake. No evidence of lee-side flow separation is detected along the afterbody in the 

flow visualizations, pressure data, or boundary layer velocity profiles. However, a strong 

secondary circumferential flow, which develops along the afterbody due to pressure gradients on 

its surface, results in the entrainment of fluid into the base region from the leeward portion of the 

flow. The average base-pressure ratio measured for the angle-of-attack case is 48.4% lower than 

that measured for zero angle-of-attack, resulting in a significant increase in base drag for 

cylindrical objects inclined at angle-of-attack. Three-dimensional effects in the developing 

afterbody boundary layer result in significantly faster growth of the boundary layer in the 

leeward plane compared to the windward plane. In the base region, a very short recirculation 

region is measured, with the axial distance to the stagnation point location reduced by 55% from 

the axisymmetric case. The separated shear layer grows to a much greater thickness in the 

leeward region than in the windward region. In addition, the leeward portion of the shear layer, 

converges on the radial centerline of the flow at a more severe angle than the windward shear 

layer, resulting in a shift of the reattachment region towards the windward portion of the flow. 

Large turbulent stresses are generally located on the windward side of the separated shear layer 

and traiUng wake in the base region. The peak turbulent stresses are located downstream of the 

reattachment point, in contrast to axisymmetric results, where maximum stresses are measured 

on the inner edge of the shear layer prior to reattachment. 

The complete manuscript of this thesis is available from the author of this report. 
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Time-Series Analyses of Wall Pressure Fluctuations 
in Plume-Induced Separated Flowfields 

R. J.Shaw* 
SY Technology, Inc.. Hmtsville, Alabama 35806 

and 
J. C. Dutton^ and A. L. Addy* 

University of Illinois at Urbanor-Champaign, Urbana, Illinois 61801 

The separation shock wave motion in a plume-induced, boundary-layer separated flowfield was studied ex- 
perimentally. The sUtistical properties of the shocic wave motion were detennined over the intermittent ivgion 
using time-series analyses of waU static pressure fluctuation measurements. The standard deviation of the pressure 
fluctuations, nondimensionalized by the local mean pressure, reached a maximum of 0.22 near the middle of the 
intermittent region. The ratio of the maximum standard deviation of the pressure fluctuations over theintermittent 
region to the mean pressure difference across the intermittent region was calculated to be 0.43 for this flowfleld. 
Both of these quantities demonstrate that the unsteady pressure loading caused by the shock wave motion has 
essentially the same magnitude in plmne-induced separated flowfields as in flowfields produced by solid boundary 
protuberances. 

Introduction 
THE phenomenon of plume-induced boundaiy-Iayer separation 

(PIBLS) occurs on atmospheric flight vehicles wlien the bound- 
ary layer on the afterbody separates upstream of the base, rather 
than at the base, as a result of the exhaust plume expanding into and 
interacting with the external freestream. The unsteady separation 
shock wave motion, which is known to accompany the occurrence 
of plume-induced, turbulent boundary-layer separation,' is a topic 
that has received littie attention in the past and is the subject of the 
present investigation. 

The only studies of unsteady shock wave motion associated with 
plume-induced separation known to the authors were conducted 
with a wall-mounted, cone-cylinder-iinned model in a variable Mach 
number (2.S-3.S) wind tunnel.^*^ A secondary jet of cold air, at an 
exit plane Mach number of 2.94 and an angle of 74 deg with respect 
to the freestream flow direction, exhausted from a conical nozzle 
near the aft end of the model. The capability of pulsing the plume was 
included in the wind-tunnel model design to simulate combustion 
instabilities of liquid propellant engines. In summary, these studies 
found a natural unsteadiness associated with the separation process 
in all of the PIBLS flowfields produced with the wind-tunnel model 
(even in the absence of plume pulsing).^"^ Based on measurements 
made from numerous schlieren movie frames, the unsteadiness as- 
sociated with the separation process produced a length scale for the 
intermittent region that was on the order of a few boundaiy-layer 
thicknesses. A sparsely distributed set of fast-response pressure 
transducer measurements was made across the intermittent region, 
i.e., the region of shock wave motion, and analyzed using standard 
time-series analysis techniques. A power spectral density estimate 
computed from one of Uie pressure-time histories suggested that 
the energy of the pressure fluctuations associated with the shock 
wave motion had a dominant characteristic frequency of approxi- 
mately 100 Hz and was mostly contained below 1 kHz. The effect 
on the separation shock wave motion of pulsing the plume flow 
at discrete frequencies over the range between 12.5 Hz and I kHz 
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was minimal. Rather than the separation shock wave oscillating at 
the discrete pulsing frequency of the plume, the separation shock 
wave motions occurred over a wide fiequency range regardless of 
the plume pulsing frequency. 

In contrast to die unsteadiness found in shock wave/turbulent 
boundary-layer interactions (SWBLIs) caused by a compliant aero- 
dynamic boundary (PIBLS flowfields), unsteadiness in SWBLI 
flowfields produced by solid boundary protuberances has received 
a significant amount of attention over the past IS years.^ Pressure 
fluctuation measurements have been made over the intermittent re- 
gions of SWBLI flowfields produced by compression ramps,'''' ef- 
fectively semi-infinite circular cylinders,'- "* sharp-edged fins at an- 
gles of attack,'' ■ '^ and hemicylindrical blunt-edged fins at angles of 
attack.'^-'^ The unsteady characteristics of the shock wave motion 
have been determined for these geometries by analyzing both indi- 
vidually and simultaneously acquired pressure-time histories with 
standard time-series analysis techniques and conditional analysis 
metiiods. Altiiough quantitative differences in die unsteady charac- 
teristics of the separation shock wave motion exist for these four 
geometries, the characteristics found in these interactions qualita- 
tively show many similar features. The similarities include bimodal 
probability density function (PDF) estimates of the pressure fluc- 
tuation amplitudes over the intermittent region, streamwise distri- 
butions of the standard deviation of the pressure fluctuations that 
reach rather large (relative to the incoming boundary layer and the 
separated flowfleld) maximum values near the middle of the inter- 
mittent region, and streamwise distributions of the skewness and 
kurtosis coefficients that reach rather large values near the upstream 
edge of die intermittent region. Also, in nominally two-dimensional 
or quasi-two-dimensional interactions, the power spectral density 
(PSD) estimates show that most of the energy contained in the pres- 
sure fluctuations caused by the shock wave motion is distributed over 
die frequency range between approximately 100 Hz and 1 kHz. The 
range of frequencies associated with the energy contained in the 
pressure fluctuations caused by die shock wave motion increases as 
the sweepback angle of the interaction increases for the compression 
ramp, circular cylinder, and blunt- and sharp-edged fin geometries. '^ 

A two-part model that describes die physical mechanisms re- 
sponsible for the unsteady separation shock wave motion in SWBLI 
flowfields has recently been hypodiesized."* The model divides the 
separation shock wave motions into small-scale or jittery motions 
and large-scale or global motions. In the first part, the shock wave 
motions are caused by fluctuations (attributed to turbulence in die 
incoming boundary layer near the separation shock) in the Tatio 
of static quantities across the shock foot. In the second part, the 
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shock wave motions are caused by the expansions and contractions 
or "trembling motions" of the separated flow region. Thus, because 
the internal stiucture and dynamics of the separation bubble are 
unique to each type of geometiy causing the SWBLI, it is not sur- 
prising that each geometo' would have a set of unsteady shock wave 
characteristics with unique quantitative values. 

As a result of these experimental studies,*'" the statistical char- 
acteristics of the separation shock wave motion in SWBLIs produced 
by solid boundary protuberances have been well documented. These 
studies have shown that the unsteady separation shock wave motion 
is responsible for some of the laigest aerodynamic loads'^ and high- 
est heat uansfer rates'* that occur in high-speed flight. If the pressure 
fluctuations in PIBL8 flows are similariy laige, then the occurrence 
of PIBLS is indeed important because of tiie large aerodynamic 
loads and high heat transfer rates that would undoubtedly accom- 
pany the unsteady shock wave motion. However, no experimental 
measurements of these phenomena exist. Therefore, the objective 
of the current paper is to determine the unsteady characteristics 
of the separation shock wave motion in a PIBLS flowfield by an- 
alyzing surface pressure fluctuation measurements using standard 
time-series analysis techniques. 

Experimental Program 
Wind-'Huinel Facility 

The experiments were conducted in the Gas Dynamics Labora- 
toiy of the University of Illinois at Uriiana-Champaign. A blow- 
down wind-tunnel facility, which was specifically designed to pro- 
duce plume-induced separated flowfields, was constructed for tills 
investigation and is shown in Fig. 1. Qean, dry, high-pressure air 
was supplied to the plenum chamber from a 146-m^ capacity tank 
farm and two air compressors, while maintaining a constant stag- 
nation pressure in tiie plenum chamber with an electropneumatic 
control valve installed in the air supply line. The plenum chamber 
fed two inlet pipes that, in turn, fed the two streams of tiie PIBLS 
wind-tunnel test section. 

A cross-sectional view along the centerline of the PIBLS wind- 
tunnel test section is shown in die insert of Fig. 1. The test section 
incorporates a two-dimensional planar geometry and produces two 
coflowing, uniform, supersonic streams using fixed, converging- 
diveiging, half-nozzles. A flowfield width of 50.8 mm was main- 
tained in tiie test section from upstieam of the nozzle blocks to 
downstream of the subsonic diifuser. A flow conditioning module, 
consisting of a honeycomb section and two screens, was installed up- 
stream of each nozzle block. The Mach 1.5 lower stream (inner jet) 

Fig.2 Schliwtn photograph (llaililanip pulse duration of 1,4 fa) of the 
neai^wake region in the PIBLS wind tamnel at a JSPR of appnnimately 
235. 

impinged upon the Mach 2.S upper stream (freestream) at a relative 
angle of 40 deg and across a 12.7-nim base height Each test section 
inlet pipe contained a manually adjustable valve for independently 
regulating the stagnation pressure of each stream. By adjusting the 
inner jet flow stagnation pressure, the boundary layer on ttie bottom 
wall of die freestream was induced to separate upstream of Uie base 
comer and thereby form a plume-inducol separated flowfield in the 
test section. A glass window assembly mounted in each sidewall 
near the base region permitted optical access to the PIBLS flow- 
field, which was visualized using schlieren and shadowgraph tech- 
niques. The schlieren photograph shown in Fig. 2 clearly demon- 
strates tiiat plume-induced, boundaiy-layer separation occurs in the 
test section at a jet-suitic-pressure-to-freestieam-static-pressure ra- 
tio (JSPR) of 2.35. When die schlieren (or shadowgraph) light source 
was operated in the continuous mode, the separation shock wave was 
clearly seen to undergo streamwise translations at all JSPRs of tunnel 
operation. 

1   High Pressure Air Supply 
Upper Stream 
GaieVyve 

J 
Constant Aiea 

Diffuser 
\ 

^ 

Support 
Stand 

Lower Stream 
Globe Valve 

^       Qoss-Sectional View of 
Y       the PIBLS Test Section 

) 

B..lii.uuii^^iuaiL"Lj[?'.     ^    II    1 

Big. 1   Schematic of the PIBLS wind-tunnel liMiUty, including an en- 
I...—.j ._.„ _-.«t -■ .-I— -»*^- wnmt g *.»»* —-*!■■■ 

Flow Conditions 
The stagnation pressure of each stream was measured with a stag- 

nation pressure probe mounted upstream of each nozzle block, and 
the sugnation temperature was measured witii an iron-constantan 
thermocouple mounted in the plenum chamber. The data reduc- 
tion assumed adiabatic flow conditions. The stagiution temperature 
was 298 K (±1.5 K). In the freestream, the sugnation pressure 
was 503 kPa (±1.5 kPa) and the unit Reynolds number was 47.1 x 
10* m"'(±0.5 X 10*m~').TheMachnumberinthisfreestiieamwas 
computed from static pressure measurements made using pressure 
taps mounted in tiie lower wall and was found to be 2.50 (±0.01) at 
a location 30 mm upstream of die base plane. Similarly, the Mach 
number oftiieinnerjet was computed to be 1.51 (±0.01)atalocation 
12.7 mm upstream of die base jdane. 

One-component laser Doppler velocimeter (LDV) measurements 
were made along a vertical centeriine traverse across the height of 
die freestream flow 30 nun upstream of the base plane. From these 
LDV measurements, tiie streamwise turbulence intensity was found 
to be 0.015 ± 10% across the uniform flow region of tiie freestream. 
From tiie mean velocity measurements made in the boundary layer 
adjacent to tiie lower wall of Uw freestream, a wall-wake velocity 
profile was curve fitted to the experimental velocity data using die 
metiiod of Sun and Childs." The details of die procedure are given 
in Ref 20. The incoming turbulent boundary-layer properties were 
determined from die Sun and Childs curve fit and are reported in 
Table 1. The boundary-layer properties given in Table 1 generally 
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Uble 1   Incoming turbulent boundary-lajrer properties 
in the upper stream 

Propeity Value 

Boundary-layer thickness S, mm 3.1 
Boundary-layer displacement thickness S', nun 0.91 
Boundary-layermomentum thickness 0, nun 0.2S 
Boundaiy-layer shape factor, H = S*/0 3.71 
Wake strengdt parameter n 1.58 
Skin-friction coefficient Cf 0.00131 
Friction velocity Ur, m/s 20.6 

properties reported in the literature for similar Mach number and 
Reynolds number conditions.^ Although the wake strength param- 
eter may be a bit high, Feinholz and Rnley^' suggest that a universal 
value of n applicable to all equilibrium turbulent boundary layers 
may not exist for compressible flows due to upstream history effects. 

Instramentation 
Instantaneous wall-pressure fluctuations were measured using 

two piezoresistive pressure transducers that were flush mounted 
and spanwise centered in the lower wall of the fieestream. The 
upstream and downstieam pressure transducers were located 19.1 
and 16.5 mm upstream of the base plane, respectively. The pressure 
transducers were Kulite Model XCS-062-1SG transducers, which 
had an input pressure range of 103.4 kPa and a nominal full-scale 
output of 200 mV. Each transducer was configured to operate in the 
gauge mode; i.e., the transducer produced an output voltage pro- 
portional to the pressure difference across the diaphragm. The back 
side of the diaphragm was referenced to the static pressure of the 
fireestieam. Each transducer diaphragm had an active diameter of 
0.71 mm; the diaphragm natural frequencies were measured to be 
168 and 198 kHz for the upstream and downstream transducers, 
respectively.^ The transducers were statically calibrated because 
shock tube experiments^ with similar transducers have shown that 
statically calibrated transducer responses are within a few percent 
of dynamically calibrated transducer responses. The calibration was 
performed in situ with a Sensotec Model AG-300 digital pressure 
gauge equipped with a 206.8-kPa pressure transducer accurate to 
within ±103.4 Pa. 

The analog output signal from each pressure transducer was am- 
plified with a Measurements Group Model 2311 signal conditioning 
amplifier and then low-pass filtered using an in-house-built, active 
Butterworth filter circuit. The amplifier also supplied the 15-V dc 
excitation source and the appropriate dc offset voltage to the trans- 
ducer bridge. The amplifier had a continuously variable output volt- 
age gain, which ranged between 25 and 30 for all of the intermittent 
region measurements, and a —3 dB cutoff ftequency of 125 kHz on 
the wide-band output filter setting (used in all of the experimenu 
described herein). The three-stage, six-pole, in-house-built filter had 
a fixed voltage gain of 4.3, a -3 dB cutoff frequency of 50 kHz, 
and an attenuation of —36 dB/octave in the transition band. The 
output signal from the low-pass filter was digitized with a National 
Instruments Model NB-A2000 analog-to-digital (A/D) converter in- 
stalled in an Apple Macintosh Ilfx computer. Each channel of the 
A/D convener was equipped with track-and-hold circuitry and had 
an input voltage range of ±5 V and 12-bit resolution. Before ev- 
ery calibration, the voltage gain and dc offset voltage settings on 
each amplifier were adjusted to maximize the signal-to-noise ratio 
of the (wtput signal. For the intermittent region measurements, this 
procedure was done at the largest JSPR used in each set of exper- 
iments. The rms signal-to-noise ratios for the pressure fluctuation 
measurements varied from 15 to 20 in the incoming boundary layer 
and from 55 to 300 over the intermittent region. 

In addition to the two Kulite pressure transducers, 29 static pres- 
sure taps were installed in the lower wall adjacent to the freestream. 
The static pressure ports were 0.64 mm in diameter and were normal 
to the local surface along a single spanwise plane offset 4.78 mm 
from tiie centerline. TVenty-three static pressure potts were uni- 
formly spaced every 1.6 mm beginning at 3.18 mm upstream of the 
base plane and extending to 38.1 nrni upstream of the base plane. 
The remaining six static pressure ports were uniformly spaced every 

6.35 nun starting at 42.9 mm upstream of tiie base plane. The mean 
pressure at each static pressure port was measured with a Pressure 
Systems Model DPT-6400T digital pressure transmitter and stored 
on a Gateway 2000 486-33 computer. Each static pressure tap was 
connected to a O-I03.4-kPa pressure tiransducer mounted in tiie 
DPT-6400T using a piece of flexible vinyl tubing approximately 1.5 
m long. Also, the stagnation pressure probe used to sense the stagna- 
tion pressure in each stream was connected, in the same manner, to a 
0-689.5-kPa pressure transducer mounted in tiie DPT-6400T instru- 
ment. The pressure transducers in Uie DPT-6400T were calibrated 
wifli a Consolidated Hectrodynamics Type 6-201-0001 dead-weight 
tester. 

Data Acquisition 
The two Kulite pressure transducers were rigidly mounted in tiie 

test section of tiie PIBLS wind tunnel, ^ith tiie pressure transducer 
locations fixed, the JSPR was varied to move the intermittent region 
over the transducers. In tiiese experiments, tiie JSPR was varied 
by untiirottling the stagnation pressure of the inner jet from 210 to 
269 kPa in increments of roughly 3.4 kPa. 

Instantaneous wall-pressure fluauation measurements were 
made tiiroughout the intermiuent region by sampling the two pres- 
sure transducers. At each JSPR. the individually sampled pressure 
transducer measurements were made by sampling the upstream 
transducer for 24 s at a rate of 166.667 samples/s and tiien sampling 
the downstream transducer for 24 t at tiie same rate. Mean static 
pressure measurements from the pressure taps in the lower wall of 
the freestream were also made in conjunction with the individually 
sampled pressure transducer measurements. 

Analysb Techniques 
All statistical quantities presented herein were computed us- 

ing the time-series analysis techniques recommended by Bendat 
and Piersol." In addition, a conditional analysis metiiod, the two- 
tiireshold metiiod box-car converaon (TTMBCC) algorithm,^* was 
employed to determine the intermiuency (the percentage of time the 
shock wave was upstream of a given pressure transducer). Before 
we discuss tiie results from either the remote (DPT-6400T) or in 
situ (Kulite) pressure measurementt. several comments about the 
TTMBCC algorithm are appropnate. 

The TTMBCC algorithm was developed by Brusniak,^^ Dolling 
and Brusniak," and Erengil and Dolling^ at tiie University of Texas 
at Austin. As the name suggesu. the algorithm employs two thresh- 
old levels, Thi=pyx, + 2ap^ and 7%2« Pi^. + 6ff,^, where p^, is 
the mean pressure of the incomini boundary layer and Op^ is the 
rms of tiie pressure fluctuations in the incoming boundary layer. By 
comparing each individual pressure realization in a pressure-time 
history to the two threshold levels, the instantaneous location of the 
separation shock wave can be determined as being either upstream or 
downstream of the pressure transducer. The precise time (to within 
the sampling period) when the shock wave crosses upstream of the 
pressure transducer, called tiie rise lime, and downstream of the 
pressure transducer, called the fall time, can be determined for all 
shock wave passages in the pressure-time history. The intetmittency 
is then calculated from 

Y = 
i:f^,(Fallt-Riset) 

Fall/v, - Risci 
(1) 

where FalU is the fail time associated witii the kth downstream 
shock wave crossing, Rise^ is the rise time associated witii the A:th 
upstream shock wave crossing, and N,c is the total number of fall 
times detected in the pressure-time history. 

The intermittency calculations performed in the current study 
used, without any significant changes, the updated version of the 
TTMBCC algoritiim." A sensitivity analysis of tiie TTMBCC al- 
goritiim was performed witii the PIBLS data^ to evaluate the change 
in magnitude of the zero-crossing frequency, i.e., the average num- 
ber of shock wave crossings per second, to different threshold level 
settings. After comparing the results from the sensitivity analysis 
performed on tiie PIBLS data to the results from the sensitivity anal- 
ysis performed on Mach 5 circular cylinder interaction data,*^ it was 
concluded that tiie optimal settings for Thi and Tlij given eariier 
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were also reasonable choices for conditionally analyzing the data 
■ firom the PIBLS flowfield experiments.'" 

We also note that, by normalizing the nns of the pressure fluctu- 
ations in the incoming boundary layer with respect to the wall shear 
stress and iireestream dynamic pressure, the values (Tp^/r„ = 3.30 
and cTf^/qoo = 0.0044 are obtained. These are consistent with pre- 
vious studies of supersonic turbulent boundary layers.^' 

Results 
Results from the remote and in situ pressure transducer measure- 

ments will be presented and discussed in the foUowing sections. 
Although the lower stream stagnation pressure, or the JSPR, was 
the actual independent variable in the experiments, some of the 
results will be presented as a function of intermittency rather than 
JSPR. A plot of intermittency vs JSPR over the intermittent region is 
shown in Fig. 3 for both the upstream and downstream individually 
sampled transducer measurements. Whereas the downstream trans- 
ducer measurements spanned the intermittent region from y = 3.9 
to 96.2% over a range of JSPR from 1.95 to 2.41, the upstream trans- 
ducer measurements spanned the intermittent region from y = 3.8 
to 98.3% over a range of JSPR from 2.05 to 2.49. 

Mean Pnsnire Measurements 
At each JSPR shown in Fig. 3, four mean pressure data sets 

were acquired with the DPT-6400TUansmiUerunder identical wind- 
tunnel operating conditions. The four data sets were then averaged, 
and the result is reported as the mean pressure distribution along the 
lower wall of the freestream. Figure 4 shows the mean static pres- 
sure distribution at five strategic JSPRs. Each disuibution is plotted 
in terms of absolute pressure vs distance from the base plane X. The 
X axis is assumed to be positive in the downstream direction, and 
X=0 is at the base plane. Each of the mean static pressure distri- 
butions is labeled with the appropriate JSPR and the intermittency 
computed from the downstream pressure transducer measurements. 
Also, the mean pressures determined from the upstream and down- 
stream in situ pressure transducer measurements Oabeled as Kulites) 
are shown in Hg. 4. 

In addition to spanning the intermittent region, each of the stream- 
wise mean static pressure distributions shown in Fig. 4 includes part 
of the incoming boundary layer and part of the separated flowfield 
downstream of the intermittent region. All of the distributions show 
that the mean pressure level of the incoming turbulent boundary . 
layer is constant at approximately 29.6 kPa over Uie JSPR range 
from 1.95 to 2.41. The location where the mean static pressure 
first rises above the mean pressure level of the incoming turbulent 
boundary layer, called tiie line of upstream influence, moved far- 
tiier upstream of tiie base plane as tiie JSPR increased from 1.95 to 
2.41, as expected. The mean static pressure level in the separated 
flowfield was not constant over this JSPR range, nor was the mean 
static pressure distribution over the separated flowfield constant at 
any JSPR. Fully separated flow existed immediately downstream 
of the downstream pressure transducer location at a JSPR of 2.41; 
the mean pressure distribution for this case shows tiiat a significant 
adverse pressure gradient existed in tiie separated flowfield. Based 
on tiie otiier mean static pressure distributions shown in Fig. 4, a 
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significant adverse mean pressure gradient existed in tiie separated 
flowfield at otiier JSPR settings as well. 

The mean pressure measured witii the two in situ pressure trans- 
ducers was observed to be slightiy lower tiian the mean pressure 
measured witii tiie static pressure taps over most of tiie intermit- 
tent region. This discrepancy is a well-known problem" in wind- 
tunnel experiments involving unsteady pressure fields and exists 
because of pneumatic resonance effects that occur witiiin the large 
length/diameter tubing connecting tiie remote pressure transducers 
to tiie static pressure taps. The mean pnssures computed from the 
static taps were, at worst, no more tiiah 10% lai:ger tiian the mean 
pressures calculated from tiie in situ pressure transducers over the 
intermittent region. Because the mean pressure from the static pres- 
sure tap measurements was within approximately 1% of the mean 
pressure determined from the in situ pressure transducer measure- 
ments in bofli flie low (y < 5%) and high (y > 95%) intermittency 
ranees, the mean pressure can be determined from the static nressure 
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tap measuFements near the line of upstream influence and near the 
separation line. This fact, when combined with the fast-response 
pressure transducer measurements and oil-streak visualization im- 
ages, was used to estimate the loigth of the intermittent region.^ 
Wth the intermittent region defined to exist between the y = 4 and 
96% locations for any JSPR, the length of the intermittent region was 
estimated as 8.1-9.4 mm (2.65o-3.M„) and 17.3-17.5 mm {5.4S„- 
5.5So) at JSPRs of 1.95 and 2.41, respectively. Thus, as the JSPR 
increased from 1.95 to 2.41, not only did the intermittent region 
become longer, but also the separated flow region became longer 
and, in so doing, pushed the intermittent region farther upstream. 

PDF Estimates of the Pressure Fiuctnation Ain|dltndes 
PDF estimates of the pressure fluctuation amplitudes were cal- 

culated at each JSPR for the upstream and downstream pressure 
transducer measurements. The trends in the PDF estimates over the 
intermittent region were similar for the upstream and downsQ-eam 
transducer data. Figure 5 shows PDF estimates of the pressure 
fluctuation ampliUides calculated fiom the downstream pressure 

30     40     50     60 
pressure (kPa) 

Fig. 5   PDF esdmates of the pressure fluctuation amplitudes across tlie 
intermittent region (o, actual PDF, and , Gaussian PDF). JSPR 
values identical to those hi Fig. 4 at the same 7. 

transducer measurements in the incoming turbulent boundary layer, 
across the intermittent region at the same five JSPRs as Ing. 4, and 
in the fully separated region at a JSPR of 2 J2. Each of the PDF esti- 
mates is plotted in terms of iV//(iV, X H')vs pressure, where M- is the 
number of pressure realizations occurring with a value of p,- ± W/2, 
Ni is the total number of pressure realizations in the pressure-time 
history, and W is the interval width of the PDF estimate centered at 
pi (W = 172 Pa). Also shown in Rg. 5 is the equivalent Gaussian 
PDF (with the same mean and standard deviation as the actual PDF) 
for each of the seven estimates. 

The actual PDFs were essentially Gaussian distributions in the in- 
coming boundary layer and in the fUlly separated region downstream 
of the intemiittent region. The width of the PDF was much larger 
for the fiilly separated region at a JSPR of 2.52 than for the incom- 
ing boundary layer, indicating that the pressure fluctuation ampli- 
tudes were laiger in the fully separated region than in the boundary 
layer. 

The actual PDF was strongly skewed from its equivalent Gaussian 
distribution at each JSPR over the intermittent region. At low inter- 
mittency values (y < 25%), only a single visible peak was present 
in the actual PDF, and the maximum probability associated with this 
peak occurred at approximately 29.6 kPa. The cause of the peak was 
clearly the pressure fluctuations present in the incoming turbulent 
boundary layer. Although not enough pressure fluctuations from the 
separated flowfield downstream of the shock wave were present to 
visibly skew the actual PDF into a bimodal shape at these JSPRs, 
the equivalent Gaussian PDF was widened noticeably beyond the 
width of the actual PDF peak caused by the incoming tuiixilent 
boundary layer. This was because the pressure fluctuations that were 
present from the separated flowfield increased the standard deviation 
computed from the pressure-time history considerably above the 
incoming turbulent boundaiy-layer value (at )' = 3.9%, Op^/ffp^ 
was 2.4). 

As the intemiittency increased (y > 25%), the shock wave spent 
more time upstream of the pressure transducer, and enough pres- 
sure fluctuations from the separated flowfield were present to visibly 
skew the actual PDF into a bimodal distribution. The second peak 
that formed in the actual PDF occurred at a higher pressure level 
than the peak caused by the incoming turbulent boundary layer and 
occurred at a pressure level that depended on the JSPR. This trend 
of the second peak occurring at a higher pressure as the JSPR was 
increased is consistent with the results found from the streamwise 
mean pressure distribution measurements made with the static pres- 
sure taps along the lower wall of the freestream. Thus, the cause of 
the second peak in the achial PbF was clearty the pressure fluctu- 
ations present in the separated flowfield downstream of the instan- 
taneous shock wave location. In SWBU studies produced by solid 
protuberances,^-" PDF estimates of the pressure fluctuation ampli- 
tudes across the intermittent region were also found to be strongly 
skewed from equivalent Gaussian distributions and to exhibit the 
same bimodal nature as found in tiie current PIBLS experiments. 

Higher-Order Moments 
The first four moments (mean, variance, skewness, and kuitosis) 

were computed for each pressure-time history in the upstream and 
downstream pressure transducer data sets. For each moment, the 
data from both pressure transducers collapsed on each other over 
the entire intermittent region when plotted against intermittency. 

The mean wall pressure pw is shown in Fig. 6. The mean wall 
pressure continuously increased over the intermittent region from an 
incoming turbulent boundaiy-layer pressure of 29.6 kPa at y =0% 
to an extiapolated pressure of 52.4 kPa at y =: 100%. The mean 
pressure increased in a nonlinear manner over the intermittent region 
because the pressure level increased in the separated flowfield and 
Uie region of separated flow extended farther upstream as the JSPR 
increased. 

The standard deviation of the pressure fluctuations ((T^„), nondi- 
mensionalized by the local mean pressure, is shown in Fig. 7. From 
a second-order polynomial equation diat was least-squares curve 
fitted to each experimental data set (shown as lines in Rg. 7), Op^ /pw 
reached a maximum value of 0.22 at y = 55%. 

The occurrence of a local maximum in the rms pressure distri- 
bution over the intermittent region is a characteristic found in all 
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separated SWBLI flowfields that contain unsteady shock wave mo- 
tion. Fbr unswept compression tamps at Mach 3, maximum values 
of ff,,/p. were found to be 0.20 (6o=22 mm) and 0.18 (io= 
12 mm) for a 24-deg ramp* and 0.15 (^0=22 mm) and 0.11 (io = 
22 mm) for 20- and 16-deg ramps,^ respectively. The maximum 
value of ap„ I pa for a 28-deg unswept compression ramp interac- 
tion at Mach 5 (Ref. 9) was found to be 0.34. Dolling and Smith'" 
reported maximum values of o>,/p» between 0.25 and 0.28 for 
ciicular cylinders at Mach 5, whereas Dolling and BogdonofT*^ re- 
ported values ranging between 0.18 and 0.29 for hemicylindrical 
blunt fins at Mach 3. Thus, the nuximum Opjp^ value of 0.22 for 
the PIBLS experiments at Mach 2.5 is within the range of values 
found in other SWBU flowfields. 

The strength of the unsteady shock wave motion, defined as 
Of,.wM/^PAak (where ^PA^A «S the mean static pressure differ- 
ence across the intermittent region, Afahod: = p„.y .96% - Pwo\ for 
the PIBLS flowfield measurements was calculated to be 0.43. The 
strengths of the unsteady shock wave motion in compression ramp, 
circular cylinder, and blunt- and sharp-edged fin interactions" are 
plotted as or,,.B»,/APAodt vs sweepback angle in Fig. 8, along with 

Fig. 8, all of the results for the unswept cases" are offset to a swe 
back angle of -1 deg, and the results from the PIBLS wind-tuii 
experiments aie offset to a sweepback angle of -H deg for clai 
The mean value of »,,.««/A/WK* for >1' ihree solid protubera 
geometries and all sweepback angles was 0.46. Thus, the strcr 
of the separation shock wave motion was essentially the sam( 
the PIBLS flowfield as in the SWBLI flowfields produced by a 
geometries. 

Although not shown here due to length constraints," the skcwi 
coefficient aj and kuitosis coefficient 04 have also been compt 
for this PIBLS interaction. Both coeflficients are noteworthy beca 
of the large maximum values they attain near the line of upstn 
influence (as=5.9 and 04=62.8 at y = 1.4%). A large maxin 
value of Ui near the line of upstream influence is a characte 
tic that has been observed in many SWBLI experiments invoh 
solid protuberances. The maximum value of aj near the liiv 
upstream influence ranged between 8 and 10 for circular cylir 
interactions'" at Mach 5. between 7 and 8 for unswept compress 
ramp interactions*-^ at Mach 3. and between 6 and 8 for hemicy 
drical blunt fin interactions" at Mach 3. No maximum values 
a4 have been reported in the literature. 

PSD Estimates of tiie Piiaiwi Fluctuations 
Fbr a pressure-time history p(t) in which the time history is 

vided into nj contiguous icfinents and each segment contain 
data values (p,.„; n -0.1 N - 1, and i = 1,2 tij), 
one-sided PSD fiinaion is estiniated by 

C„{fk) = njNAt .-t- £|/'.{/*)P. 4 = 0,1 N/2 

where At is the time between consecutive pressure realization 
p(r) and the discrete fast Fourier transform components for < 
segment are given by 

/»({/.)■ {^) 
at the discrete frequencies ft« k/(N x At), t =0,1,..., N - 

For the purposes of computi ng the PSD estimates repotted hei 
each pressure-time history was divided into 488 contiguous 
ments (n^ =488) having 1192 pressure realizations (A^ = 819^ 
each segment. The frequency resolution of the PSD estimates A 
given by A/ = 1 /(N x A/) 10 be 12.2 Hz, and the normalized 
dom error of the PSD estimates c, is given by Br = l/V^rf to be 4, 
PSD estimates of the pressure fluctuations computed from the dc 
stream pressure transducer measurements are shown in Fig. S 
the incoming boundai>-i*y^ upstream of the intermittent regior 
the intermittent region at 6vc strategic JSPRs, and for the sepai 
flowfield downstream of the intermittent region at a JSPR of ^ 
The PSD estimates shown in Fig. 9 are plotted as Gpp(f) x ft 
vs / in a linear-log format. Each PSD estimate was normal 
by the variance of the pressure-time histoiy. Although this nor 
ization was beneficial for comparison purposes, care must be ti 
when examining the magnitude of the normalized PSD estin 
for the incoming boundary layer and the separated region bee 
the variance of the pressure fluctuations (due to turbulence) in t 
two flow regimes may be underestimated due to frequency resp 
limitations of the pressure transducers. Remember, however, 
it is the pressure fluctuations caused by the much lower frequ 
separation shock wave motion (at intermediate intermittencies^ 
are of primary interest here. 

The PSD estimate of the pressure fluctuations in the incoi 
boundary layer was dominated by ftequency components bel( 
few hundred hertz. Except for a disturbance centered at 38' 
(which was found to be caused by the somewhat abrupt geomet 
transition between the plenum chamber and the wind-tunnel 
pipes), these pressure fluctuations were not caused by physical 
turbances in the boundary layer but were due to resonance ef 
associated with the reference port passageway of the pressure ti 
ducer. Although the pressure fluctuations caused by resonan( 
this passageway dominate the PSD estimate in the incoming bo 
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Fig. 9 Normalized power spectral density estimates of the pressure 
fluctnatioiis across the intermittent r^on. 

pressure fluctuations due to shock wave crossings that appear in 
the pressure-time histories across the intermittent region, and there- 
fore these pressure fluctuations have no effect on the PSD estimates 
across the intermittent region. 

The PSD estimates computed for the pressure-time histories taken 
from the intermittent region showed that most of the energy in the 
pressure fluctuations was concentrated over the frequency range be- 
tween about 100 Hz and a few thousand heitz. For pressure fluctua- 
tions above 10 kHz, the PSD estimates contained no significant en- 
ergy until the highest intermittencies, e.g., y = 96.7%, were reached. 
Ilie energy of the pressure fluctuations taken from the fiilly sepa- 
rated flowfield was distributed uniformly over a frequency range 
between a few hundred hertz and 50 kHz (the cutoff frequency of 
the analog filter). This change in the PSD distribution occurred be- 
cause the PSD estimates taken from the intermittent region were 
dominated by the large pressure fluctuations caused by the separa- 
tion shock wave translating over the pressure transducer, whereas 
the PSD estimate from the fully separated region contains high- 
frequency pressure fluctuations caused by turbulence in the shear 
layer and separated region. Thus, the PSD estimates from the in- 
termittent region of the PIBLS flowfield show that the frequency 

of the shock wave motion was broadband, with most of the energy 
occurring over a fircquency range from approximately 100 Hz to 
a few thousand hertz, depending on the exact location within the 
intermittent region. 

The energy of the pressure fluctuations acquired from the inter- 
mittent region of unswept compression ramp interactions^-' was 
also distributed over the frequency range from a few hundred to 
a few thousand hertz. Although the PSD estimates for the various 
ramp angles (16-28 deg) had the same basic broadband shape, the 
dominant center frequency of the spectral distribution was depen- 
dent on the ramp angle. The center frequency decreased as the ramp 
angle increased. The center frequency was approximately 1000 Hz 
for a 16-deg ramp angle, 500-1800 Hz for a 20-deg ramp angle, 
and 200-500 Hz for 24- and 28-deg ramp angles. Thus, the spectral 
characteristics of the energy in the pressure fluctuations from the 
intermittent region of the PIBLS flowfield were very similar to the 
spectral characteristics of the unswept compression ramp interaction 
at the larger ramp angles of 24 and 28 deg. 

Conclusions 
The unsteady characteristics of the separation shock wave mo- 

tion in a plume-induced separated flowfield were determined from 
pressure measurements made with in situ and remote pressure trans- 
ducers over the jet static pressure ratio range from 1.95 to 2.55. 
Time-series analysis techniques were applied to the pressure fluctu- 
ation measurements taken from upstream, across, and downstream 
of the intermittent region. The PDFestimates of the pressure fluctua- 
tion amplitudes computed from the intermittent region were highly 
skewed from the equivalent Gaussian distributions and typically 
were bimodal in character at intermittencies greater than approxi- 
mately 25%. The maximum value of <T„/p„ over the intermittent 
region was found to be 0.22 at y = 55%, and the strength of the 
unsteady shock wave motion (defined as ap.,„„/APdiack) for these 
experiments was calculated to be 0.43. PSD estimates from the in- 
termittent region show that the frequency of the shock wave motion 
was broadband, with most of the energy occurring over a frequency 
range from approximately 100 Hz to a few thousand hertz. 

In conclusion, many of the statistical properties computed for 
this plume-induced separated flowfield were qualitatively similar 
to the statistical properties computed for two-dimensional shock 
wave/boundary-layer interaction flowfields produced by solid ge- 
ometries. This is true even though the size of the separated region is 
much larger for this plume-induced separated flow than for solid 
boundary-induced separation and although the PIBLS separated 
region is enclosed by two fluid dynamically compliant shear lay- 
ers rather than by a solid boundary and a single shear layer. Per- 
haps these observations will help shed some light on the source of 
the large-scale unsteadiness mechanisms in shock wave/boundary- 
layer interactions. In any event, it is clear that the unsteady separa- 
tion process that can accompany the occurrence of plume-induced, 
boundary-layer separation in high-speed flight is important because 
of the large aerodynamic loads that occur over a broad frequency 
range. 
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Planar visualizations of large-scale turbulent structures in axisymmetric 
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The spatial evolution of large-scale turbulent structures in the shear layer of an axisymmetric, 
supersonic separated flow has been investigated. Ibe experimental diagnostic used was planar 
visualization of condensed ethanol droplets that were suspended in the supersonic free stream. 
Spatial correlation analyses of large ensembles of images show that the mean side-view structure is 
highly strained and elliptical in shape and is inclined toward the local free stream direction. It is also 
shown that the effect of lateral streamline convergence for this axisymmetric case causes a reduction 
in side-view structure size and eccentricity at the reattachment point as compared to the planar case. 
End-view structures are wedge shaped, wider on the fi^e-stream side than on the recirculation 
region or developing wake side. It is concluded that the wedge shape is caused by the axis3rnmietric 
confinement of the shear layer as it approaches the wake centerline. The average number of 
structures present in the end-view plane decreases significantly from 10-14 at recompression to 4-S 
in the developing wake region. Evidence of an amalgamation of end-view structures in the images 
at the reattachment point illustrates one of the mechanisms responsible for this reduction. © 7999 
American Institute of Physics. [81070-6631(99)02501-5] 

I. INTRODUCTION 

Supersonic separated flows behind bluff bodies contain 
several features that are quite formidable for accurate com- 
puter modeUng and prediction. These include the presence of 
shock and expansion waves, thin compressible shear layers 
with large flow property gradients, and a recirculating region 
adjacent to the base, Fig. 1. Clearly, one of the most difficult 
problems with accurately predicting flow fields of this type 
has been in correctly modeling the turbulence present in the 
shear layer and resulting wake that develop downstream of 
the base comer separation point. Experimental research in 
this area is therefore crucial to the development of a better 
understanding of the physical phenomena that govern these 
high-speed turbulent separated flows, as well as the numeri- 
cal modeling of them. 

Recent studies using laser Doppler velocimetry (LDV) 
have been performed to address these issues.'"^ LDV char- 
acterizes the mean flow velocity, turbulence intensities, tur- 
bulent kinetic energy, and Reynolds shear stresses on a 
point-by-point basis. These base flow statistical data have 
been utilized extensively by several researchers*"* as a basis 
of comparison for their numerical studies. These studies have 
shown that some current turbulence models (two-equation 
k-€ and Reynolds stress) perform reasonably well in pre- 
dicting base pressure and mean velocity, but are lacking in 
their predictions of the turbulence field. Once again, this is 
because the mechanisms and structure of the turbulence in 
these flows are not fully understood. Because LDV is a 
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pointwise technique, ii is generally incapable of directly in- 
vestigating the large-scale structures that contribute to the 
bulk of the turbulent kinetic energy in these flows. Therefore, 
a further understanding of these structures and their influence 
on the turbulence field must be obtained with a different 
technique. 

Schlieren and shadowgraph methods have been used ex- 
tensively in the study of compressible separated and shear 
flows to determine shear layer growth rates, to locate shock 
and expansion wave structures, and to visualize large-scale 
turbulent structures. Because these techniques spatially inte- 
grate along the line-of-sighu however, they cannot be used to 
accurately determine the turbulence structure present in high 
convective Mach number flows, which are highly three- 
dimensional in nature/''' To address the three-dimensional 
structure of these flows, planar imaging techniques have 
been developed, of which Mie scattering from seeded drop- 
lets or particles is particularly appealing, because of its 
simple setup and relatively low cost.*" 

Several researchers have investigated the large-scale 
turbulent   structures   present   in   incompressible"''^   and 
compressible ,7-9,13,14 shear layers. Brown and Roshko" have 
shown the existence of large-scale spanwise-oriented roller 
structures in incompressible shear layers. A later study*^ 
showed that stream wise vortices or "ribs" exist in the braid 
region between spanwise vortices and that they contribute 
substantially to the entrainment of free-stream fluid into the 
shear layer. This study also found that the Brown-Roshko 
spanwise structures in incompressible shear layers roll up 
from Kelvin-Helmholtz-type instabilities, and that the loca- 
tion at which these structures form is highly depend- 
ent on upstream conditions. Imaging studies using Mie 
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FIG. 1. Schematic of mean flow field. 

scattering'"'" or planar laser-induced fluorescence*''' have 
shown that the large-scale structures in mixing layers with a 
convective Mach number below about 0.6 are organized in a 
quasi-two-dimensional spanwise manner, while at larger 
convective Mach numbers, the organization becomes highly 
three dimensional. As convective Mach number (i.e., com- 
pressibility) increases, spatial covariance analyses demon- 
strate that the large-scale turbulent structures imaged in side 
views become oriented more toward the local flow direction, 
and become more eccentric and stretched in the streamwise 
direction.' It was also found that interaction between turbu- 
lent structures is suppressed under more compressible condi- 
tions. As a result of these compressibility effects on the 
large-scale structures, the mixing layer growth rate, primary 
Reynolds shear stress, and transverse Reynolds normal stress 
are all reduced with increasing convective Mach number.""'* 

Smith and Dutton"'" have performed planar imaging 
studies, by means of passive scalar seeding with condensed 
ethanol droplets, in a planar supersonic flow past a finite 
thickness base. This study characterized the structural fea- 
tures and spatial evolution of large-scale turbulent structures 
from shear layer development through reattachment and into 
the wake. Their results provide instantaneous views of the 
structures present at various locations in the shear layer and 
wake of this separated flow. In addition, spatial covariance 
analyses of these images provide information on the spatially 
correlated mean stiucture size, sh^, and orientation at a 
given location in the flow field. These studies have shown 
that the structures which form in the firee shear layer inmie- 
diately after separation survive through recompression, reat- 
tachment, and into the developing wake. These large struc- 
tures have proven to be generdly elliptical in shape with the 
major axis inclined toward the local flow direction. Covari- 
ance analyses show that these structures evolve through re- 
compression and reattachment by becoming more eccentric 
and inclined downward toward the local streamwise direc- 
tion. Smith and Dutton"'** postulated that the adverse pres- 
sure gradient and concave streamline curvature present in 
these regions drive this evolution. Comparison of the side- 
and end-view images at several locations confirms that the 
structures are highly three dimensional, as other researchers 
have shown for two-stream compressible shear layers at high 
convective Mach numbers.'"'""''* 

LDV studies have been performed to address the efifects 
that the sudden expansion at separation" and the recompres- 
sion and reattachment processes^ have on the turbulence in 
the shear layw of an axisymmetric compressible base flow. 

Herrin and Dutton" have shown that a rapid expansion at 
separation causes the developing shear layer to form a two- 
layer structure. Turbulence production in the outer layer is 
completely suppressed, and the streamwise development of 
turbulent stresses is negligible. The turbulence production in 
the inner layer, on the other hand, is significantly enhanced, 
with large peak values of the turbulent sb«sses occurring 
near the shear layer inner edge. Amette et aL^^ iqx)rt similar 
behavior associated with the rq)id expansion of an attached 
compressible boundary layer. Using a filtered Rayleigh scat- 
tering technique, they showed that the large turbulent struc- 
tures increase in scale across the expansion, but remain firo- 
zen. Hie small-scale structures near the wall were shown to 
recover quickly from the expansion effects. Henin and 
Dutton" showed that the two-layer structure in a rapidly 
expanded axisymmetric shear layer is present for about one 
base radius downstream of separation, at which point the 
mean velocity profile became self-similar. In another study, 
Herrin and Dutton^ showed that the effects of recompres- 
sion and reattachment of the shear layer in the neighboihood 
of the rear stagnation point of an axisymmetric, supersonic 
base flow cause a decrease in the organization of the velocity 
fluctuations. 

The aforementioned LDV data'"'"""^"^^ suggest a funda- 
mental difference in large-structure organization between the 
planar geometry studied by Smith and Dutton""'* and axi- 
symmetric geometries, especially near the rear stagnation 
point. In particular, the turbulent Reynolds stresses increase 
to a maximum at or just after recompression in the planar 
case,' while they decrease throughout recompression and re- 
attachment in the axisymmetric case.^'"""* This difference 
has been hypothesized to be a result of the overwhelming 
effects of lateral streamline convergence,^ which provides a 
stabilizing influence in the axisymmetric geometry that is not 
present in planar flows. Harris and FaseP and Tourbier and 
Fasel have also shown the existence of fundamentally dif- 
ferent instability modes for axisymmetric and planar super- 
sonic base flows. 

The present study characterizes the features and evolu- 
tion of large-scale turbulent structures in the shear layer and 
wake of an axisymmetric, supersonic separated flow. Five 
locations in the flow field have been chosen for imaging 
studies to highlight key processes in the evolution of the 
large-scale structures. The characteristic features of these 
structures are analyzed in the context of the physical phe- 
nomena that govern the flow, and a comparison is made be- 
tween their evolution in planar and axisymmetric geometries. 

II. FLOW FACILITY AND EQUIPMENT 

The experiments were performed in the Gas Dynamics 
Laboratory at the University of Illinois at Urbana- 
Champaign. The blowdown-type wind tunnel used in these 
experiments is sketched in Fig. 2. Compressed air is supplied 
to the plenum chamber after it has been sent through a series 
of dryers and filters to remove any moisture and large pai- 
ticulates or other contaminants. Liquid ethanol is injected 
into the supply air through an atomizing nozzle approxi- 
mately 1.5 m upstream of the plenum chamber to ensure 
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FIG. 2. Schematic of axisymmetiic supersonic flow facility. 

sufficient time for thorough evaporation before reaching &e 
supersonic flow facility's converging-diverging nozzle. A 
control valve, driven by a PID-type controller, maintains a 
constant pressure in the stagnation chamber. Flow condition- 
ing in the plenum chamber provides a supersonic free-stream 
flow of relatively low turbulence intensity (< 1 %).^ 

The axisynunetric blimt base test section produces a 
nominal free-stream Mach number before separation of 2.46, 
a turbulent boundary layer thickness on the sting/afterbody 
of appronmately 3.2 mm, and a unit Reynolds number of 
Re=52X 10* m"', as cited in the LDV data of Herrin and 
Dutton.^ The test section that views the near-wake of the 
cylindrical afterbody is fitted with windows on the top and 
bottom to allow passage of a laser sheet through the test 
section (Fig. 3) and a side window for camera viewing. The 
windows allow fuU optical access to the entire near-wake 
flow field, from separation at the base comer to well into the 
trailing wake. 

III. EXPERIMENTAL DIAGNOSTICS 

The present study implements a planar laser sheet Mie 
scattering technique. As mentioned above, ethanol vapor is 
carried in the supply air that approaches the converging- 
diverging facility nozzle and, as it undergoes a rapid expan- 
sion and is accelerated supersonically within the nozzle, the 
vapor condenses into a fine mist. The seeding level was op- 
timized at ^proximately 0.23% mass fraction for all of the 
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FIG. 3. Mie scatteiing image acquisition system. 

FIG. 4. Instantaneous global coiiq)osite image of near-wake flow field. 

imaging locations presented in this study. The mean con- 
densed droplet diameter is approximately O.OS yum,'^ which 
is easily small enough to mark and track the large-scale tur- 
bulent structures of interest here.^ The saturation character- 
istics of ethanol are such that, in the faciUty used in this 
study, the ethanol fog will vaporize (or condense) at 
flow speeds that correspond with approximately sonic 
conditions. Because the shear layer in a supersonic blunt 
base flow field separates a subsonic recirculation region from 
a supersonic free stream, the ethanol seed marks the interface 
(i.e., shear layer) between these two regions quite well. 

A NdrYAG laser with a nominal pulse energy of 450 mJ 
at a wavelength of 532 nm is used to illuminate a cross 
section of the flow. Its output beam is formed into a 200-/un- 
thick laser sheet by a series of beam-shaping optics and is 
used to illuminate a thin slice of the condensed ethanol mist 
(Fig. 3). The laser pulse duration, 6-8 ns is short enough to 
effectively "freeze" the turbulent structures and thus allows 
unsmeared images to be collected. A 14 bit, high-resolution, 
unintensified charge-coupled device (CCD) camera is used to 
record the scattered light. 

The images captured by the CCD camera are processed 
by subtracting the dark current and background noise, and 
are normalized to remove nonuniformities in the laser sheet 
intensity and camera response. Because the end-view images 
must be obtained at an off-axis angle, the additional step of 
geometrically transforming the images to a true end-view 
perspective is taken for these images. Pixel-by-pixel mean 
and rms images are also calculated and used as parameters in 
the two-dimensional spatial covariance analysis. The mean 
intensity image is also used to determine the local Mie scat- 
tering shear layer thickness. 

IV. IMAGING RESULTS AND DISCUSSION 

Figure 4 is an instantaneous side view, composed of two 
time-uncorrelated Mie scattering images, of the entire near- 
wake flow field from the separation point on the blunt-based 
afterbody into the developing wake 125 mm downstream. 
This image, and all others presented in this section, are typi- 
cal of those in the ensemble for each location and view. The 
lower edge of the image is at the approximate symmetry line, 
and the mean reattachment point, where the mean velocity 
along the centerline vanishes, is labeled as X^. Note that the 
LDV data of Henin and Dutton^ indicate that the reattach- 
ment point is 84.1 mm (2.65 base radii) downstream of the 
base. The base comer expansion fan is evident as a dark 
region, since the intensity of the Mie scattered light is pro- 
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FIG. 5. Fields-of-view used in this study. 

portional to the number density of the ethanol droplets, 
which is reduced across the expansion. Conversely, shock 
structures, which cause a discontinuous increase in the etha- 
nol droplet number density, are evident as regions of in- 
creased intensity. Note tluit oblique shock structures are 
present in Fig. 4 from just before the mean reattachment 
point to essentially the downstream edge of the image. These 
observations compare well with past shadowgnqih and 
schlieren photos tdcen of this flow.^ 

As seen in Fig. 4 along the border of the high-signal free 
stream and low-signal recirculation and wake core regions, 
the shear layer turbulence is characterized by stringy, 
filament-like structures, much as in the supersonic planar 
case studied by Smith and Button." These turbulent struc- 
tures become much more prominent features of the flow field 
just before the reattachment point, at the onset of the strong 
adverse pressure gradient. These structures do not appear to 
be periodically spaced, and there is litde or no evidence of 
vortex pairing or other such phenomena, as expected for a 
highly compressible shear layer.'"'-""'* After the reattach- 
ment point, large-scale turbulent structures are clearly a 
dominant feature of the developing wake. When viewing a 
series of these global images, considerable variation in the 
position and orientation of the free stream/wake interface 
after reattachment was observed, while little motion of the 
shear layer upstream of reattachment was seen. 

There are four primary regions of interest along the path 
of the reattaching shear layer. The initial section, from the 
base comer to the first evidence of strong pressure effects, 
can be examined to characterize the initial turbulent structure 
growth in a separated axisymmetric compressible free shear 
layer after a rapid expansion. The effects of the strong ad- 
verse pressure gradient can also be examined just prior to the 
mean reattachment point, as can the effects of reattachment 

C. J. Bourdon and J. C. Duttcx 

of the shear layer along the axis of synunetry. Dovmstrean 
of the reattachment point, the turbulent structures in the nea 
wake can be characterized to determine the influence of thes( 
upstream flow interactions on wake development This leads 
to the imaging locations shown in Fig. S, with additiona 
information about these locations given in Table I. Position! 
A and B correspond to the fiee shear layer formed aftei 
separation, position C to die strong adverse pressure gradien 
region, position D to the mean reattachment point, and posi- 
tion E to the initial portion of the develming wake. 

The LDV data of Henin and Dutton^ have been used to 
estimate the convective Mach number (i.e., compressibility 
level) at the five imaging locations. As shown in Table I, the 
convective Mach number through the recompression region 
is quite large, at a nominal value of approximately 1.3, be- 
fore dropping somewhat to about 1.1 in the reattachment 
region. These large values indicate the very strong effects 
that compressibility will have on the turbulence in these re- 
gions. At position E in the developing wake, 4.25 base radii 
downstream of the base, the convective Mach number drops 
to a value of approximately 0.5, as the wake core fluid ac- 
celerates. This reduced value of Af ^ indicates that the effects 
of three-dimensional instability modes will be greatly sup- 
pressed at this position.''*'*'" 

The Mie scattering shear layer thicknesses quoted in 
Table I correspond to the distance between the 90% and 10% 
peak intensity locations in a line perpendicular to the local 
flow direction in the mean Mie scattering images. These 
thicknesses are approximately 40% of the velocity thick- 
nesses reported by Hcmn* for the same flow field, or from 
^proximately the 90^ to 50% mean velocity locations. 
"Rius, the turbulent structures visualized and quantified here 
occur in the outer portion of the shear layer and developing 
wake, and our analysis is necessarily limited to this region. 

A. Side-view instantaneous images 

The side-view instantaneous images obtained at the three 
imaging locations in the free shear layer and adverse pres- 
sure gradient region, posiuons A-C, were taken at an angle 
that corresponds to the inclination angle of the 50% intensity 
line of the mean Mie scattering image at each position, see 
Table I. The images at posiuons D and E, at the mean reat- 
tachment point and in the developing wake, respectively, 
were oriented such that the horizontal axis is parallel to the 
symmetry line. In all cases, therefore, the horizontal direc- 

TABLE I. Coordinates and flow parameters at imaging positions. 

Convective Mie scattering LDV velocity Mie scattering 

Imaging Distance &om Mach number shear layer shear layer shear layer 

position Location hasc comer Mc thickness {S^ thickness (S^) angle 

A Shear layer 18.4 mm' \2^ 2.47 mm 5.9 mm 12.7° 

B Shear layer 36.8* 1.40 3.67 9.3 14.0 

C Recompression 72.4* 1.24 4.42 12.5 9.3 
D Reattachment 84.1" 1.09 4.98 13.6"^ ... 
E Near wake 135" 0.49 13.69 ... 

■Measured along shear layer. 
"Measured along centerline. 
Estimated. 
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FIG. 6. Instantaneous side-view images at position A; image dimensions are 
10.08 mm by 10.08 mm. 

FIG. 7. Instantaneous side-view images at position B; image dimensions are 
11.47 mm by 11.47 mm. 

don in the images corresponds approximately to the local 
mean flow direction. The size and location of the mean Mie 
scattering shear layer thickness are marked on each instanta- 
neous image shown. 

Figure 6 is a set of two instantaneous images obtained at 
position A, 0.58 base radii downstream from the base comer 
separation point, as measured along the shear layer. The tur- 
bulent structures generally appear as dark masses separated 
by thin, sharp braids. By examining these two images, it is 
immediately apparent that there is a plethora of sizes and 
shapes of turbulent structures at this location. In a general 
sense, these structures are elliptical or polygonal in shape 
and incUned with respect to the local streamwise axis. The 
turbulent structures do not appear to occur in a periodic fash- 
ion, and very little interaction between the structures is ap- 
parent. These observations agree with past work for two- 
stream planar compressible shear layers,'"''^'"'^ and 
demonstrate the three-dimensional nature of the turbulence 
under these highly compressible conditions. 

Some evidence of nonuniformities or "dark blobs or 
streaks" noted in Smith's** planar study are also visible in 
the free stream at this location, although to a lesser extent. 
These are most likely the frozen remnants (due to the rela- 
tively sttong 9° expansion process) of the turbulent struc- 

tures present in the boundary layer just prior to separation. 
These frozen boundary layer structures, and the turbulent 
shear layer structures that grow beneath them, are the likely 
causes of the "two-layer" nature of the velocity field evident 
in the measurements of Herrin and Dutton'' immediately af- 
ter separation. In these images, there are also several realiza- 
tions of completely engulfed recirculation fluid. Some of 
these have fiizzy interfaces with the surrounding free-stream 
fluid, while for others there is a much more clearly defined 
border, indicating different degrees of mixing between the 
recirculation and fiee-stream fluids. 

Figure 7 displays two of the instantaneous images ob- 
tained at position B, 1.16 base radii downstream of the sepa- 
ration point. The turbulent structures in these images differ 
from those at position A primarily only in scale. They appear 
to be oriented at roughly the same angle with respect to the 
local streamwise direction, and the variety of sizes and lack 
of repeatable, periodic organization are again evident. Be- 
cause the structures are of a much larger scale than at posi- 
tion A, many smaller structures can be seen riding on the 
peripheries of the larger structures. Evidence of engulfment 
("gulping") of the recirculation region fluid by free-stream 
fluid is again apparent at this station, even at the small scales 
(see the upper image in Fig. 7). Observations of this nature 
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demonstrate that the turbulence in the shear layer is oiga- 
nized as a cascade of turbvilent scales. 

A rather curious effect that is present in many of the 
side-view images at both positions A and B (and the end 
views) is the high-intensity band that lies just above the 
shear layer; this effect is most prominent in the top image of 
Fig. 7. The relative brightness of this band is related to the 
overall ethanol seeding level. However, initial experiments 
showed that the details of the turbulent structures seen in the 
shear layer were relatively insensitive to the seeding level, so 
that any detrimental effects of the bright band were mini- 
mized by optimizing the seed mass ihtction without degrad- 
ing the ovoidl quality of the images. The local shear layer 
thickness determination also was not significantly affected 
by the existence of the bright band, since this determination 
utilized the monotonically increasing intensity distribution 
from the unseeded recirculating fluid to the peak intensity of 
the bright band at the outer shear layer edge. One possible 
explanation for the existence of this bright region is that the 
low-speed, relatively warm fluid of the boundary layer up- 
stream of separation was seeded disproportionately heavily. 
Then, when separation and expansion of the boundary layer 
occur, this excess ethanol condenses so that the boundary 
layer remnant (also discussed above in relation to Fig. 6) 
appears at higher intensity. 

Figure 8 displays instantaneous side-view images from 
position C, in the region characterized by a large adverse 
pressure gradient. Compression shock structures can be seen 
clearly in the top image. These shock structures originate 
from within the shear layer and cause bright regions on the 
upstream side of many of the large turbulent structures (es- 
pecially noticeable in the left-hand part of the upper image of 
Fig. 8). The adverse pressure gradient in region C in general 
seems to have flattened and stretched the large-scale turbu- 
lent structures, while causing them to tilt down even further 
toward the local streamwise direction. The structures are 
large enough at this location to allow only one or two to be 
present within the image frame. Smaller-scale structures are 
very apparent at this location as the larger structures now 
appear to have serrated and/or wavy borders. 

Instantaneous side-view images near the mean reattach- 
ment point, position D, are presented in Fig. 9. In this region, 
braids of free-stream fluid penetrate a substantial distance 
into the reattaching shear layer, indicating a high level of 
entrainment and mixing. Mushroom- and wedge-shaped 
structures are also clearly visible in these two images. Ge- 
mens and Mungal^ and Messersmith and Dutton^ observed 
similar structures in end views of compressible two-stream 
planar shear layers at Afc=0.79 and 0.75, respectively. The 
presence of similar ejection-type structures in the current 
side-view images can be attributed to the highly three- 
dimensional nature of the reattachment process in an axisym- 
metric, supersonic separated flow. A much larger array of 
structure shapes and sizes is visible at this location than at 
those upstream, indicating reduced structural organization. 
This loss of organization at reattachment was also noted in 
the LDV studies of Herrin and Dutton^ performed in this 
flow. Oblique shock structures, although visible, are much 
less pronounced than  at position C,  or in  Smith  and 

FIG. 8. Instantaneous side-view images at position C; image dimensions are 
23.44 mm by 23.44 mm. 

Dutton's'^ reattachment region images for a planar super- 
sonic separated flow. This is most likely due to the ttaee- 
dimensional reUef effect that occurs in axisymmetric flows, 
i.e., the recompression waves are weaker in this axisymmet- 
ric case. Also note the warm recirculation fluid that has been 
completely engulfed by the free-stream fluid in the center of 
the bottom image of Fig. 9. This is another excellent ex- 
ample of the "gulping" mass entrainment mechanism in tur- 
bulent shear layers. 

Figure 10 contains two instantaneous side-view images 
from the ensemble collected at position E in the developing 
wake. The turbulent large-scale structures at this location 
appear to have recovered from the recompression and reat- 
tachment processes, as is evident from their ^parently better 
organized and more rounded nature. Note that the compress- 
ibility at position E is substantially reduced compared to that 
at the upstream locations (Table I). The increased organiza- 
tion and more circular shape of the structures are consistent 
with the lower convective Mach number at this location. 
There are also some instances of scattering from structures 
near the centerline at this location, possibly because of re- 
condensation of ethanol that has escaped from the recircula- 
tion region as this fluid is accelerated in the wake. 
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FIG. 9. Instantaneous side-view images at position D; image dimensions are 
23.44 mm by 23.44 mm. 

FIG. 10. Instantaneous side-view 
are 19.71 mm by 19.71 mm. 

images at position E; image dimensions 

B. End-view instantaneous images 

To gain a better sense of the tfaree-dimensional nature of 
the turbulent structures present at the imaging locations of 
this study, ensembles of images were collected in an end- 
view orientation as well. It was deemed most usefid to cap- 
tare global end views at the imaging locations when at all 
possible. However, at positions A and B, in the shear layer 
just after separation from the base comer, this was not pos- 
sible. The size of the recirculadon region at these locations, 
when compared to the thickness of the shear layer, was sim- 
ply too large to be able to capture the entire shear layer and 
still have sufficient spatial resolution to visualize the struc- 
tures. As a result, only partial end views are presented at 
these two locations. 

Figures 11 and 12 present samples of instantaneous par- 
tial end-view images obtained at locations A and B in the 
post-separation shear layer. In Figs. 11 and 12 the supersonic 
free stream is on the left-hand side and the recirculation re- 
gion is on the right-hand side. The turbulent structures vis- 
ible in the end views at these locations occupy a relatively 
small fraction of the shear layer thickness. Still, several 
injection-type mushroom structures are visible in the shear 
layer at these locations. These mushroom structures are more 
easily observed at position B than at A, because the struc- 

tures at this position are of a much larger scale. It is obvious 
that there is a substantial amount of turbulent structure 
growth between these two locations. There is a remarkable 
resemblance between the shapes of these end-view structures 
and those visible in the end views of Bemal and Roshko*^ in 

MBsbToom- 
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FIG. 11. Partial instantaneous end-view images at position A; image dimen- 
sions are S.22 nun by 9.78 mm. 
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FIG. 12. Partial instantaneous end-view images at position B; image dimen- 
sions aie 5.43 mm by 10.54 mm. 

an incompressible planar shear layer at a Reynolds number 
of 2400. Therefore, these structures may be similar to the 
counter-rotating rib vortices seen in the braid region of shear 
layers or, possibly, they are similar to the counter-rotating 
Gortler vortices seen in boundary layers with concave sur- 
face curvature. 

The bright band described in the previous section is 
much more visible in these end-view images. This is mostly 
because of the higher seeding levels necessary to obtain a 
reasonable signal-to-noise ratio in the end-view orientation. 
For these views, the CCD camera was mounted at a signifi- 
cantly oblique angle from the orientation of the laser sheet, 
and a large aperture setting (//16 or larger) was used to 
increase the dq)th-of-field to keep the entire frame in focus. 

Typical global end-view instantaneous images from the 
recompression (position C), mean reattachment (position D), 
and developing wake (position E) regions are presented in 
Figs. 13-15. In viewing the image ensembles it is found that 
the number of turbulent smictures present at a particular lo- 
cation is relatively constant, and their spacing about the an- 
nular shear layer is approximately uniform. At each consecu- 
tive location, however, the typical number of structures 
drops, from 10-14 in the recompression region (position C) 
to 4-5 in the developing wake (position E). This suggests 
that, as the shear layer moves closer to the axis of symmetry 
and its circumference shrinks, the streamwise or helically 
oriented turbulent structures amalgamate in some fashion. 
Some evidence of this is present in the end-view images at 
locations D and E, where a large structure is seen with a thin 
braid partitioning it into two halves (see Figs. 14 and 15, 
bottom images, the upper left-hand regions). In the develop- 
ing wake. Fig. 15, the turbulent structures generally seem to 
have a preferred orientation of approximately ±45° from the 
cardinal axes. This may be due to slight misahgnment of the 
afterbody with respect to the annular wind tunnel nozzle in 
this nominally axisymmetric flow. 

FIG. 13. Global instantaneous end-view images at position C; image dimen- 
sions are 26.57 mm by 24.93 mm. 

V. SPATIAL CORRELATION ANALYSIS AND 
DISCUSSION 

A spatial autocorrelation statistical analysis sunilar to 
that described by Messersmith and Dutton^ and Smith and 
Dutton'^ was applied to a large ensemble of images at each 
location to glean quantitative information about the mean 
structure size, angular orientation, and eccentricity, while re- 
moving the subjective influence of personal bias from the 
determination. This technique involves comparing the inten- 
sity fluctuations at all points in the flow field with those of a 
selected number of basis points within the shear layer where 
structures are assumed to be present. Since previous work 
determined that an ensemble of approximately 500 images 
produces stable statistical results,'^ image ensembles of this 
size were used in the present study. Hie same image en- 
sembles of this size were used both for the instantaneous 
image discussion presented earlier and for the spatial corre- 
lation analysis discussed here (side views and end views in 
each case). Earlier studies®-"'^* have also established use of 
the 0.5 correlation contour (where the central self-correlation 
peak is normalized to unity) for determining the mean struc- 
ture's characteristics; this contour is also used here. 
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HG. 14. Global instantaneous end-view images at position D; image dimen- 
sions are 29.77 mm by 29.77 mm. 

FIG. IS. Global instantaneous end-view images at position E; image dimen- 
sions are 34.23 mm by 34.23 mm. 

A. Side-view spatial correlations 

Figure 16 displays contour plots of the side-view corre- 
lation fields obtained at the five imaging locations examined 
in this study. All of the contour plots are oriented so that the 
local streamwise flow direction is horizontal and from left to 
right, and the firames are all sized in relation to the local Mie 
scattering thickness of the shear layer. The correlation con- 
tours, and therefore the "average" structures, are elliptical in 
shape and inclined with respect to the local streamwise axis. 
The mean structure size and shape do not change appreciably 
between positions A and B, although the outer correlation 
contour rotates slighdy toward the streamwise axis at posi- 
tion B. By position C, the turbulent structures have under- 
gone substantial growth, which is then reduced by the time 
these structures reach the mean reattachment point, position 
D. In planar base flow studies,""'* this rapid growth contin- 
ued through reattachment, and the turbulent structures did 
not diminish in size until the near wake was reached, posi- 
tion E. This difference in the behavior of the structure size 
for the axisymmetric and planar cases can be attributed to the 
stabilizing influence of lateral streamline convergence, which 

occurs only for the axisynmietric geometry.^ In examining 
Fig. 16, it is also apparent that the rotation of the structures 
toward the local streamwise direction continues through the 
reattachment region, position D. This result is similar to that 
found for the planar case.^' This structm^ rotation provides 
less mass entrainment or "gulping" area between structures, 
which is consistent with Herrin and Dutton's*' observation 
of reduced shear layer growth rate in the downstream region 
as compared to that immediately after separation. 

Some interesting information is obtained by a closer ex- 
amination of the relation of the different contour lines in a 
given correlation field. In particular, the inner contours at 
positions B and C in the free shear layer and recompression 
regions appear to be at a larger angle than the outer contours. 
Similar contour rotation was present in Smith and Button's" 
planar study, but at positions C and D in the adverse pressure 
gradient and reattachment regions. They concluded that this 
difference in angular orientation was related to the suscepti- 
bility of the peripheries of these turbulent structures, as op- 
posed to their cores, to pressure gradients, and other local- 
ized effects. If this is indeed the case, the current correlation 
fields yield two interesting results. The first is that the free 
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FIG. 16. Side-view spatial conelation fields for all imaging locations; con- 
tours aie at 0.1 intervals from 0.5 to 0.9. 

shear layer at position B may already be affected by the 
adverse pressure gradient as it moves toward the centerline 
in this axisymmetric geometry.^ This would cause the con- 
tour rotation seen at position B in Fig. 16. The second ob- 
servation is that, even though multiple "extra rates of 
strain" are known to exist at reattachment position D (con- 
cave streamline curvature, bulk compression, lateral stream- 
line convergence, and turbulence interaction across the 
centerline^, the correlation contours at this location have a 
common angular orientation of their major axes. Also note 
that the correlation contours at position E in the developing 
wake appear rounder than those at earlier stations. This is 
most likely due to the significantly reduced level of com- 
pressibility at this location.''" 

Figure 17 illustrates graphically the quantitative infor- 
mation gained on side-view structure size, angular orienta- 
tion, and structure eccentricity by the spatial correlation 
analysis. The "average" structure's major and minor axes 
correspond to the symbols "a" and "Z>," respectively. The 
results of Smith and Button's" planar smdy are plotted as 
well for comparison. Many of the same trends are apparent 
in both geometries. In both cases the structures grow and 
become more eccentric as they move from the free shear 
layer (position B) to the recompression region (position C). 
In addition, the nondimensional structure size and eccentric- 
ity in the trailing wake (position E) are reduced compared to 
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FIG. 17. Side-view conelation statistics at imaging locations A-E and com- 
parison with planar blunt base results of Smith and Dutton (Ref. 17). 

those at position C for both geometries. The evolution of the 
large structure angle is also similar for the planar and axi- 
symmetric geometries: a general reduction from the free 
shear layer region through reattachment with little further 
change in the developing wake. 

A particularly interesting aspect of the comparisons 
shown in Fig. 17 are the differences between the axisymmet- 
ric and planar cases. In the side-view image sets, the most 
striking di^erence is at the mean reattachment point, position 
D. Here, where the lateral streamline convergence "extra 
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FIG. 18. End-view spatial correlation fields for imaging locations B-E; 
outer contour is at 0.3S and inner contours are at 0.1 intervals from 0.5 to 
0.9. 

rate of strain" will have its largest effect, the turbulent struc- 
tures in the present axisymmetric study decrease in nondi- 
mensional size and eccentricity when compared to position C 
in the recompression region, whereas in the planar study, 
they reach their peak values. This is strong evidence in sup- 
port of the conclusion that lateral streamline convergence 
provides a stabilizing influence as the flow approaches the 
centerline for the axisynMnetric case. The other difference 
lies in the nature of the growth of the turbulent structures 
between positions A and B in the fijce shear layer region. 
There is little or no change in the dimensionless size or ec- 
centricity of the turbulent structures in the axisymmetric ge- 
ometry, just a rotation of the structure down toward the local 
streamwise axis. The turbulent structures in the planar geom- 
etry, however, experience a strained growth and thinning, 
wtdle remaining at approximately the same inclination angle. 
Along with the correlation contour rotation noted earlier at 
position B for the axisymmetric case, this strongly suggests 
that different mechanisms are at work in the free shear layer 
region of the two geometries. One possibility is the previ- 
ously discussed existence of an adverse pressure gradient at 
position B for the axisymmetric case. 

B. End-view spatial correlations 

Figure 18 presents the end-view correlation fields for 
positions B-E. Because of the limited spatial resolution at 
position A, a correlation field at this location was not ob- 
tained. Also, since global end views were gathered at loca- 
tions C-E, the correlations presented for these cases are av- 
erages of correlations computed with basis points located in 
the shear layer every 90° aroimd its circumference. By doing 
this, the effects that may be caused by a slight misalignment 
of the sting, or complications in the image rotations that must 
be performed to make the images true end views, can be 
limited. The correlation contours in Fig. 18 are oriented such 
that the recirculation region is at the bottom of the image 
frame and the outer supersonic free stream is at the top. Also 

note that the outer contour in these rad-view correlations is 
at the 0.35 correlation level, not 0.5, which is the outermost 
level in the side views. This was done to accentuate the 
effect of flow field geometry on the end-view structure 
shape. 

The outer contours at all four positions in Fig. 18 display 
a wedge-like shape for this axisymmetric geometry, instead 
of the elliptical or circular shape shown to exist in the side 
and end views of planar shear layers.'"' This wedge-like 
shape is caused by the axisymmetric confinement imposed 
on the turbulent structures as the shear layer shrinks circum- 
ferentially as it approaches the reattachment point, and as the 
structures develop in the annulus of fluid along the boundary 
of the developing wake. Note that the outer contour at posi- 
tion D has a much weaker resemblance to a wedge shape 
than at the other locations. The highly three-dimensional na- 
ture of the reattachment process causes a larger variety of 
structures to be observed in the end views at this location, 
and thus the mean structure exhibits a more rounded slu^. 

Figure 19, which presents the statistical data for the 0.5 
end-view contours for both the present axisymmetric study 
and Smith and Dutton's planar study,^^ shows that the struc- 
tures in the axisymmetric case are significantly more eccen- 
tric than in the planar case, with a substantial increase in 
eccentricity at the mean reattachment location. This can also 
be attributed to the axisynunetric confinement mechanism 
described above and the wedge-Uke shape of &e structures in 
the end views. 

When the major axis of the average end-view structure is 
nondimensionalized with respect to the local Mie scattering 
shear layer thickness, aend^^ocai • it can be seen. Fig. 19, that 
these turbulent structures increase in size through the recom- 
pression region, position C, and then decrease in size as they 
convect downstream into the developing wake. These results 
are strikingly similar to the planar results of Smith and 
Dutton'^ at positions C-E, from the recompression region 
through the developing wake. 

The spatial statistics also demonstrate similar trends to 
the planar case when the major axes of the side and end 
views are compared, flend/'^side • Fig- 19. The structures in the 
free shear layer region, position B, show a larger spatial ex- 
tent in the end-view orientation, even greater than in the 
planar study. Smith and Dutton^^ suggest that this behavior is 
a result of the initial structure formation process having a 
preferential organization in the spanwise direction. However, 
once the recompression region is entered, the side-view ma- 
jor axis exceeds that of the end view. The results for the 
axisymmetric and planar cases are similar in this regard. 

VI. CONCLUSIONS 

A planar imaging study has been performed to determine 
the size, orientation, and eccentricity of the structures present 
in an axisymmetric, reattaching compressible shear lay^. 
This study was conducted by obtaining large ensembles of 
instantaneous images, both parallel and perpendicular to the 
local flow direction, at key locations in the near-wake region: 
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FIG. 19. End-view coireladon statistics at imaging locations B-E and com- 
parison with planar blunt base results of Smith and Dutton (Ref. 17). 

in the developing shear layer, after the onset of the adverse 
pressure gradient, at the mean reattachment location, and in 
the trailing wake. 

The mean side-view turbulent structures present at these 
imaging locations are shown to be elliptical in shape and 
inclined toward the local flow direction, peaking both in size 
and eccentricity in the recompression region before the mean 
reattachment point. This is in contrast to planar studies, 
which show these quantities to peak at the mean reattach- 
ment location. This result is caused by the stabilizing influ- 

ence of lateral streamline convergence present in the axisym- 
metiic geometry. 

The mean end-view turbulent structures are wedge-like 
in shape, with the major axis aligned along the radial direc- 
tion. This wedge-like shape is due to the axisynimetric con- 
finement of the circumfeFentially shrinking shear layer as it 
reattaches. It was also observed that through the recompres- 
sion and reattachment processes, the average number of 
structures present in the end views decreases. It is thought 
that this reduction is caused by the axisymmetiic confine- 
ment effect that forces the large turbulent structures to inter- 
act and combine as they convect downstream. 
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A method for separating shock wave motion and turbulence 
in LDV measurements 

C. W. Paiko, J. C. Dutton 

Abstract Two-component laser Doppler velocimetry (LDV) 
measurements were made in a planar, two-dimensional flow 
containing an unsteady oblique shock wave formed by the 
convergence of two supersonic streams past a thick plate. 
High-speed wall pressure measurements locate the shock wave 
and, consequently, allow separation of the effects of shock 
wave motion from the turbulence fluctuations in the LDV 
measurements of the shock-separated free shear layer. In the 
current flow isolating the large-scale changes in the position of 
the shock from the turbulence primarily reduces the experi- 
mental scatter rather than significantly changing the shapes or 
magnitudes of the turbulent stress profiles. Changes in the 
direction of shock motion do not significantly affect the mean 
velocity, but do affect the turbulent stresses. 

1 
Introduction 
A supersonic plume-induced boundary layer separated 
(PIBLS) flowfield is caused by the interaction of the exhaust 
plume from an underexpanded jet with the boundary layer on 
the afterbody surface of a rocket or missile. As the flow around 
the vehicle encounters the blockage caused by the exhaust 
plume, an oblique shock is formed. This shock imposes an 
adverse pressure gradient on the afterbody boundary layer 
and, if strong enough, will cause separation. The separation 
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process is unsteady with the shock wave oscillating in the 
streamwise direction. This unsteadiness complicates both 
prediction and measurement of PIBLS flowfields. 

Although shock-induced shear layer formation in front 
of solid objects, such as in unswept compression corner 
flows, has been extensively investigated (Adamson and 
Messiter, 1980; Green, 1970; DoUing, 1993), only four studies 
of turbulence in such flows exist to our knowledge (Ardonceau, 
1984; Kuntz, 1985; Smits and Muck, 1987; Selig et al., 
1989). However, no published investigations exist of 
turbulence in a shock-induced separation caused by a second 
fluid stream. Also, current computational models are unable 
to accurately predict unswept compression comer and 
PIBLS flowfields containing shock-induced separation, 
and detailed experimental data are needed to allow verifica- 
tion of improved numerical solutions, including improved 
turbulence models for these flows (Dussauge and Dupont, 
1995). 

All four of the previously mentioned turbulence studies 
in compression corners noticed shock wave unsteadiness 
(i.e., streamwise translation), but did not use any condi- 
tional sampling technique to isolate its effects. Whether 
the increased turbulence levels meastired by the four studies 
were due to actual turbulent velocity fluctuations or by the 
shock wave unsteadiness is unclear. The measured turbulence 
levels may be inaccurate due to the motion of the shear 
layer across the measurement region. In a recent review, 
Dussauge and Dupont (1995) conclude that, to date, no 
measurements exist concerning the impact of shock motion on 
the downstream level of turbulence. Selig and Smits (1991) did, 
however, examine the effect of periodic blowing (inside the 
separated region) on the shock wave unsteadiness in a separ- 
ated compression corner flow. Selig and Smits succeeded in 
changing the shock wave oscillation frequency, but did not 
observe any difference in the level of turbulence amplifica- 
tion due to the presence of blowing. These investigators 
concluded that the shock motion was not responsible for the 
turbulence amplification. Although Dussauge and Dupont 
(1995) cite Selig and Smits' (1991) study, they do not 
apparently consider it as conclusive evidence of the effect of 
shock motion on turbulence. 

Several facts concerning shock wave unsteadiness in 
compression comers are now known. Erengil and Dolling 
(Erengil and Dolling, 1990; Erengil and DoUing, 1991) 
concluded from wall pressure measurements in compression 
corners that the high-frequency "jitter" of the shock wave 
position is caused by the convection of large-scale turbulent 



structures in the boundary layer through the interaction. The 
low-frequency (< 1 kHz), large-scale "sweeps" of the shock 
wave are most probably caused by pressure fluctuations inside 
the separation bubble. Erengil and Dolling also found that the 
separation bubble "expands and contracts like a balloon". This 
is believed to correspond to pressure fluctuations inside the 
separated region, and may cause the shock to rotate about 
its foot while translating in the streamwise direction. The 
separation shock is followed by a series of compression waves 
and is not simply a single shock as some previous researchers 
have suggested (Erengil and Dolling, 1991; Dolling and 
Murphy, 1983). 

Conditional analysis has been successfully used with LDV in 
periodic flows for the past 15 years, but usually the flowfield 
has a single predictable frequency, such as in turbomachinery 
flows. For example, in an internal combustion engine the LDV 
measurements can be encoded with the instantaneous crank 
angle to allow conditional averages to be formed from 
measurements taken at a particular crank angle (i.e., cylinder 
position) (Rask, 1981; Liou and Santavicca, 1985; Witze et al., 
1984). In the current study, however, the shock motion is 
a normally distributed random process with a broad range of 
frequency components. 

The one previous study using a type of conditional analysis 
similar to that used here for a shock wave boundary layer 
interaction was the study by Kussoy et al. (1988). In this study, 
Kussoy et al., used two-component LDV to investigate a Mach 
2.85 flow past a flared cylinder. To increase the three 
dimensionality of the flowfield, the flare was swept with respect 
to the cylinder axis. The shock wave position was determined 
using high-speed shadowgraph movies and six pressure 
transducers placed 5 mm apart along the cylinder centerUne 
upstream of the flare. These were differential pressure 
transducers using the undisturbed wall pressure upstream of 
the separation shock wave as a reference pressure (as in the 
current study). Shock positions determined with the shadow- 
graph visualizations and the pressure transducers were well 
correlated. This indicates that differential siuface pressure 
measurements can be used to accurately determine shock 
positions. Kussoy et al. used the following conditional analysis 
algorithm to divide the shock positions into two states: "shock 
forward" and "shock back". The shadowgraph movies were 
first used to determine which transducer was beneath the mean 
shock wave position. The velocity realizations were then sorted 
according to the instantaneous pressure level at this trans- 
ducer. Those with pressures greater than one standard 
deviation above the mean pressure were considered the "shock 
forward" data set. Those with pressures less than one-half 
standard deviation below the mean pressure were considered 
the "shock back" data set (Brown et al. 1987). 

The primary objective of this study is to demonstrate 
a technique to allow characterization of the development of 
a shock-separated free shear layer while isolating the effects of 
shock unsteadiness from the turbulent velocity fluctuations. To 
demonstrate this technique, conditionally analyzed LDV 
measurements have been made along the spanwise center 
plane in a PIBLS flowfield to obtain the mean velocity 
components and normal stresses in both the streamwise and 
transverse directions as well as the <M'V'> primary Reynolds 
shear stress. 

Equipment 

2.1 
Wind tunnel 
Figure 1 shows the blowdown-type supersonic wind tunnel 
used in this study. The tunnel supply air is provided by 
a 146 m' tank farm which is at 892 kPa prior to each tunnel 
run. The tank farm is connected to Ingersoll-Rand and 
Gardner-Denver air compressors which provide 0.68 kg/s at 
892 kPa and 0.33 kg/s at 789 kPa of dry air, respectively. Thi 
air supply system provides a tunnel nm time of about 5 min a 
the operating point used for this experiment. Shaw (1995) give 
a detailed description of the tunnel design and testing. 

For this study, absolute stagnation pressures of 506 and 
251 kPa are used for the upper and lower streams (see Fig. 2) 
respectively. These stagnation pressures are measured with 
pitot tubes located just upstream of each converging-divergin] 
nozzle. A globe valve in the lower inlet pipe is used to throttl( 
the lower stream to various stagnation pressures, which 
changes the static pressure ratio between the two streams and 
therefore, the mean separation shock position. An iron- 
constantan thermocouple is used to measure the plenum 
chamber stagnation temperature during each tunnel run. 
Honeycombs and fine mesh screens are used in both streams tc 
reduce turbulence in the incoming flow. (The lower stream's 
flow conditioning module is inside the tunnel and is not showr 
in Fig. 1.) 

2.2 
Flowfield 
Figure 2 shows a schematic of the planar, two-dimensional 
flowfield investigated in this study. The flowfield consists of ai 
upper Mach 2.5 stream (unit Reynolds number, J?e = 48.9 x 10 
m"') and a lower Mach 1.5 stream (Re = 36.2 x 10* m"') 
converging at a 40° angle past a 12.7 mm high base plane. Th« 
static pressure ratio of the lower to the upper streams is 
P2 IPi=2.27. The spanwise width of the flowfield and the heigh 
of the upper stream are both 50.8 mm. Surface oil flow 
visualization shows that the center 32 mm (63%) of the 
flowfield is free from sidewall effects and is, consequently, tw( 
dimensional in this region. The upper stream is analogous t( 
the supersonic freestream surrounding a rocket afterbody, 
while the lower stream is analogous to an underexpanded 
exhaust plume. 

The primary subject of this study is the behavior of the 
boundary layer (d^ = 3 mm) and separated free shear layer ol 
the upper stream. This boundary layer intercepts the separa- 
tion shock, consequently separates, and forms a free shear 
layer, as shown in Fig. 2. This shear layer then reattaches wit! 
the shear layer formed by the separation (at near zero pressun 
gradient) of the boundary layer of the lower stream. These twc 
shear layers enclose a recirculating region behind the base, anc 
their reattachment generates a recompression shock system 
and the resulting trailing wake. Figure 3 is a shadowgraph 
taken of the flowfield showing the separation shock, the 
incoming boundary layers of both streams bordering the 
base, the recirculation region behind the base plane, and 
the developing free shear layers, along with their reattachmen 
and the accompanying system of recompression shocks. The 
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shadowgraph shown in Fig. 3 was produced using a 25 ns pulse 
from a Xenon model 437B Nanopulser at a jet static pressure 
ratio of P2/Pi = 2.35 between the two streams (Shaw 1995). 

2.3 
Pressure data acquisition system 
The pressure data acquisition system consists of two Kulite 
model XCS-062-15G piezoresistive differential pressure 
transducers flush-mounted (in the spanwise center plane) 
along the bottom wall of the upper stream. Figure 2 shows the 
positions of the two pressure transducers located at 19.05 and 
16.51 mm upstream of the base plane. Each transducer has 
a full scale of 103 kPa, an active element diameter of 1.6 mm, 
and uses the static pressure upstream of the separated region 
as a reference pressure. This reference pressure is measured 
through a port in the bottom wall of the upper stream located 
65 mm upstream of the base plane (Shaw 1995). 

The transducers are powered by two Measurements Group 
Inc. Model 2311 signal conditioning amplifiers that also 
provide an adjustable DC offset and gain to the output signals. 
The output from each amplifier is routed through a low pass, 
active Butterworth filter with a -3 dS cutoff frequency of 
50 kHz. This cutoff frequenc)- is less than any inherent 
frequency limitations in the rest of the pressure acquisition 
system. 

2.4 
Laser doppler velodmetry system 
A schematic of the two-component LDV system, a TSI model 
9100-7, used for the mean velocir*- and turbulence measure- 
ments, is shown in Fig. 4. The system utilizes the 488 and 
514.5 nm lines of a 5 W Spectra-Physics argon-ion laser. 
A 40 MHz shift is added to one beam of each color to allow 
discrimination of negative velocities and to minimize fringe 
biasing. To further reduce fringe biasing and fringe bUndness, 
the green and blue beam pairs arc oriented at approximately 
4-45° and —45°, respectively, to the mean flow direction of the 
upper stream. The 13 mm beam spacing and 250 mm focal 
length transmitting lens result in a measurement volume 
diameter of 0.127 mm. 

Separate TSI model 9306 six-iet atomizers are used to 
inject 50 centistoke, silicone oil from Dow Coming into each 
stream. The oil droplets are injected downstream of all flow- 
conditioning modules and upstream of the nozzle blocks 
through small stainless steel tubes. Bloomberg (1989) demon- 
strated that these six-jet atomizers produce a mean droplet 
diameter of 0.8 \aa when using this fluid. The scattered light 
from the silicone oil droplets is collected in forward scatter 
with a 250 mm focal length lens at an off-axis collection angle 
of 10°. This results in an effective measurement volimie length 
of 1.5 mm. A TSI IFA 750 digital burst correlator operating in 
coincident mode determines the Doppler frequencies. Jenson 
(1991) gives a detailed discussion of the IFA 750 operation. 
A discussion of the accuracy of the LDV measurements is 
presented in Appendix A. 

Experimental teclinique 
In the current study, the shock motion spans a streamwise 
distance of 4.7^o or 14 mm, contains frequencies as large as 
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10 kHz, and is captured by sampling each pressure transducer 
at 20 kHz. The Nyquist criterion was used to select the 
sampling frequency. Since the boundary layer separation point 
oscillates in the streamwise direction with the shock wave, the 
shear layer will also oscillate and cause biasing of uncondi- 
tionally averaged velocity data. Consequendy, a method is 
needed to minimize the bias in the velocity measurements of 
the developing shear layer due to the shock wave unsteadiness. 
This is provided by the following procedure. 

3.1 
Acquisition timing 
At the beginning of each tunnel run, a timing pulse initiates 
pressure measurements using the two transducers that are 
flush-mounted in the bottom wall of the upper stream (i.e., 
beneath the separation shock wave). The algorithm described 
below uses these wall pressure measurements to determine the 
shock position. This same timing pulse also produces a timing 
marker in the velocity data that provides a common time 
origin for both the pressure and velocity measurements. This 
allows the time histories of the pressure and velocity data to be 
merged. While the pressure is sampled at regular intervals, the 
velocity data are collected at random times (i.e., whenever an 
oU droplet produces a valid Doppler burst on both velocity 
channels). The IFA 750 Digital Burst Correlator, used to collect 
the velocity data, has a temporal resolution of +1 fis. This is 
the limiting temporal resolution of the combined pressure/ 
velocity data acquisition system. 

3.2 
TTMBCC algorithm 
The pressure time history for each of the two channels is 
analyzed using the two-threshold method boxcar conversion 
(TTMBCC) algorithm developed by Prof. D. S. Dolling and 
co-workers at the University of Texas-Austin (Dolling and 
Brusniak 1989). The TTMBCC algorithm isolates the pressure 
fluctuations due to the shock motion from those present in the 
incoming turbulent boundary layer and in the separated region 

behind the shock. This results in a boxcar time history (i.e., 
a binary representation of upstream and downstream shock 
positions) for each channel (see Fig. 5). The TTMBCC 
algorithm has been used extensively in studies of shock motion 
in unswept compression corner flows (Brusniak 1988; Dolling 
and Brusniak 1989; Erengil and Dolling 1990; Erengil and 
Dolling 1991). 

Each channel's boxcar history is described by the time at 
which each rise or fall in pressure associated with a shock 
crossing occurs. The boxcar history is formed by first setting 
thresholds of 3<T and 6<r above the mean pressure in the 
incoming boundary layer (where <r is the standard deviation of 
the pressure fluctuations in the incoming boundary layer). 
Shaw (1995) describes in detail the criteria for picking the two 
thresholds used in this study. For a rise event to register (i.e., 
the shock moves upstream of the transducer), the pressure 
must initially be less than the lower threshold and must rise 
past the upper threshold. For a fall event to register (i.e., the 
shock moves downstream of the transducer), the pressure 
must initially be greater than the upper threshold and must fall 
past the lower tiireshold. The TTMBCC algoritiim prevents the 
mistake of interpreting oscillations about the lower threshold 
prior to a rise event and oscillations about the upper threshold 
prior to a fall event as shock motions. The occurrence time of 
either a rise or fall event is defined as the time when the first 
pressure sample is taken after the upper threshold is crossed. 
Since only the upper threshold is used to determine the 
occurrence time of a shock motion, the position of the shock 
wave relative to the pressure transducer will be the same for 
both upstream and downstream shock crossings. 

3.3 
Conditional analysis 
A second algorithm is used to determine the position of the 
shock wave corresponding to each velocity realization. Figure 
5 illustrates this process. The shock wave positions are defined 
using the numbers 1, 2, or 3, depending on whether the shock 
wave is upstream, between, or downstream of the two 
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transducers, respectively. Additional categories are defined 
for various shock position transitions and error cases, 
which represent less than 1% of the acquired data. This 
small percentage of transitional cases indicates that the 
shock motion is accurately captured using this 
method. 

Each velocity realization is matched to the corresponding 
point in the boxcar history of the pressure data, and the shock 
wave position for that realization is determined. Then the 
velocity measurement is saved with the corresponding shock 
wave position. Finally, for the constant shock position results, 
conditional averages are formed from the velocity realizations 
corresponding to shock wave position 2 (between the two 
transducers), thereby effectively "freezing" the shock position 
at this location. This conditional average retains only 
approximately 25% of the velocity data and therefore 
necessitates collecting large data sets to obtain adequate 
statistical certainty from the ensemble averages. 

The algorithm used for the current study has two advantages 
over that used by Kussoy et al. (1988). First, by using two 
transducers instead of only one, it is possible to form velocity 
data ensembles with the shock wave in a single position, region 
2, instead of for only a range of positions, i.e., shock forward 
or shock back. Second, this technique uses only pressure 
measurements and consequently eliminates the subjective 
process of inspecting shadowgraph movies for the mean shock 
positions. 

Since the transducers are placed at 19.0 and 16.5 mm 
upstream of the base plane, the mean shock foot position 
(i.e., the boundary layer separation point) for the region 2 
data set is 17.75 mm upstream of the base plane. Increases in 
the jet-to-freestream static pressure ratio (JSPR) between 
the two streams shift the region of shock oscillation upstream, 
away from the base corner. As this shift occurs, the intermit- 
tency (i.e., the proportion of time spent by the shock upstream 
of a given transducer) increases for both transducers. However, 
the time spent by the shock between the two transducers 
(in region 2) at first increases, peaks at near 25%, 
and then decreases. The JSPR of 2.27 for this study was selected 
to maximize at approximately 25% (the difference in the 
two transducer intermittencies) the time spent by the shock 
in region 2 (between the transducers) and, thereby, to 
maximize the amoimt of data obtained from the conditional 
analysis. 

4 
Results 
This section presents data obtained using the technique 
described above. A complete mapping of the plume-induced 
separated flowfield has recently been completed and is, along 
with a detailed discussion of the flowfield features and trends, 
the subject of another paper (Palko and Button 1998). 
Therefore, this discussion will concentrate on the effects of 
changes in the shock position and in the direction of shock 
motion on the velocity statistics. This section presents 
conditionally and unconditionally averaged data at four 
streamwise stations. The four stations A, B, C, and D are 
located at x= -25,0, +15, and +30 mm from the base plane, 
respectively (see Fig. 2). These positions lie in the approach 
boundary layer upstream of the mean separation shock 
position, at the base plane, just before reattachment, and in the 
developing wake, respectively. Station A lies at the limit of 
optical access in the upstream direction. 

All traverses are limited to 25 mm above the bottom wall 
(i.e., the bottom half of the upper stream); all flowfield features 
of interest are contained within this region. The laser beams 
become clipped at positions closer than 1 mm from the wall; 
therefore, each traverse begins at 7= 1 mm. Due to their 
inertia, LDV seed particles can produce curved pathlines 
behind an oblique shock wave instead of following the fluid 
streamlines that bend discontinuously at the shock front. This 
difference in the particle and fluid responses to shocks can 
introduce particle dynamics errors. The effects of particle 
dynamics in the current flowfield are negligibly small outside 
the region immediately downstream of the shock wave 
(1.4 mm normal to the shock or 2.8 mm in the streamwise 
direction (Palko 1998). While stations B and C cross 
the separation shock wave, the shear layer at both of these 
locations lies below the region of significant particle lag. An 
additional advantage of the conditional analysis method 
employed here is the ability to locate the region of significant 
particle dynamics effects. 

4.1 
Effects of shock position 
The primary motivation for the conditional averaging 
technique described earlier is to precisely locate the separation 
shock wave between the two flush-mounted pressure trans- 
ducers at the instant in time at which a velocity measurement 



is made. This allows the effects of changes in shock position 
on the velocity field to be distinguished from the inherent 
turbulence in the velocity field. The effects of shock position 
on the flowfield may be discerned by comparing LDV data 
acquired when the shock is between the two transducers (in 
region 2) to LDV data acquired without accounting for shock 
position. Region 2 was chosen because it is the smallest region 
(only 2.5 mm in streamwise extent) in which the shock could 
be located. 

To equalize the random error in the velocity measurements, 
which depends on the ensemble size (see Appendix A), both 
the unconditional (total data) and conditional (region 2) 
averages use an ensemble size of 4096 realizations. The 
systematic error or bias error in the LDV data is identical 
for the two sets. Any differences between the two sets are, 
therefore, due only to the shock motion or to random errors in 
the LDV data. 

Figure 6 shows the dimensionless mean streamwise velocity 
(nondimensionalized by the freestream velocity, [/„ = 590 m/s) 
for each station. Several features of Fig. 6 should be noted. 
First, the "all data" and "region 2" profiles are very similar 
at all four stations. This shows that the mean velocity is 
unaffected by changes in the shock position. In addition, the 
inclination of the shear layer is apparent, since the noticeable 
trough in the velocity profiles (which is in the recirculation 

region) occurs at increasing heights above the base for each 
successive station. The smoothness of the profiles also 
indicates that the random LDV errors are small. Finally, the 
slight variation (less than 2%) in the freestream mean velocity 
profile at station A may be due to a slight wake from the seed 
injection tube which is upstream of the converging-diverging 
nozzle that produces the supersonic freestream flow. 

Figure 7 presents the dimensionless streamwise turbulent 
normal stress profiles for each station. In this study, the 
streamwise and transverse normal stresses are measured with 
respect to directions parallel and perpendicular, respectively, 
to the X-axis shown in Fig. 2, regardless of the local mean flow 
direction. As with the mean velocity data, the streamwise 
normal stress profiles for the unconditional and conditional 
data sets are nearly identical at stations B-D. There are slight 
differences between the peak values of the "all data" and 
"region 2" profiles at these downstream stations, but these 
differences are not substantially larger than the measurement 
uncertainties at these locations. However, some significant 
differences are apparent near the wall at station A. In 
particular, the "region 2" profile appears to be much smoother 
than that of the "all data" profile. This difference between data 
sets seems to indicate that shock motion does increase the 
apparent normal stress inside the boundary layer. Although 
taken as far upstream as optical access allowed. Station A lies 
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just within the region of oscillation of the separation shock 
wave. Consequently, the shock wave makes infrequent 
excursions upstream of station A. These excursions, however, 
occur during only a small fraction of the time during data 
collection. The result is increased random error in the resulting 
turbulence quantities in this region. This increased random 
error is at least partly due to particle dynamics effects at station 
A, which vary in strength due to the intermittent shock motion 
at station A. 

The streamwise stress profiles obtained downstream of 
separation (B-D) show much less deviation between the "all 
data" and "region 2" data sets. This is expected since the 
effects of shock wave unsteadiness should be greatly dimi- 
nished at these more downstream locations. Comparing station 
A with stations B and C shows that the shock-induced 
separation process greatly increases the streamwise normal 
stress. Comparing stations C and D shows the dramatic 
decrease in the peak streamwise normal stress through 
reattachment. As with the mean velocity profiles, the inclina- 
tion of the shear layer above the wall is apparent since the 
dominant peak in the streamwise normal stress profiles occurs 
at increasing heights above the wall for each successive station. 

The dimensionless transverse normal stress profiles for each 
station are presented in Fig. 8. As in Fig. 7 for the streamwise 

component, the "all data" and "region 2" data sets show close 
agreement at all stations except within the boundary layer at 
station A. At station A, the transverse normal stress profile 
shows the same characteristics as that of the streamwise 
normal stress in that the "region 2" profile is notably smoother 
than the "all data" profile. SimUar to Fig. 7 for the streamwise 
normal stress, the dimensionless transverse normal stress 
is greatly increased by the shock-induced separation. The 
asymmetry of the main peak in the transverse normal stress at 
station C is due to the effects of the lower shear layer. Since this 
lower shear layer is inclined at 40° with respect to the x-axis, 
the turbulence in the lower shear layer has a large transverse 
component. The small secondary peaks in the transverse 
normal stress at stations B and C coincide with the location of 
the separation shock. This slight increase in turbulence is due 
to either small-scale shock unsteadiness that is below the 
resolution limit of the conditional averaging technique or to 
particle lag. As mentioned earlier, by using conditional analysis 
to locate the shock wave, the region of significant particle lag 
can be located with certainty. 

Comparing Figs. 7 and 8, it is apparent that the freestream 
turbulence is isotropic while the boundary layer and free shear 
layer turbulence is anisotropic. The peak normal stress 
anisotropy ratio, <M'^ >/< V*^ >, in the shear layer at stations B, C, 
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and D is approximately 13,9.5, and 5.6, respectively. The peak 
normal stress anisotropy in the approaching boundary layer at 
station A is difficult to estimate with certainty since the 
transverse normal stress may only be measured at positions 
above 7= 1 mm. However, over the outer portion of the 
boundary layer that has been probed, the anisotropy increases 
and levels off at approximately 3 as the wall is approached. This 
gives evidence of the much stronger amplification of the 
streamwise normal stress by the shock interaction than the 
amplification of the transverse normal stress. As the shear 
layer moves downstream from separation, there is a strong 
reorganization of the turbulence and a shift in the distribution 
of the turbulent kinetic energy from the streamwise to the 
transverse normal stress components. This occurs both during 
shear layer development and through reattachment. 

The Reynolds shear stress profiles for each station are shown 
in Fig. 9 where, following convention, the negative of the shear 
stress, — <M'V'>/U^„, is plotted. As in Figs. 6-8, the profiles for 
the "all data" and "region 2" data sets agree closely at each 
station with the noticeable exception of the boundary layer at 
station A. At station A, the "region 2" profile is again much 
smoother than the "all data" profile. As expected, the Reynolds 
shear stress inside the boundary layer is negative. Also 
interesting is the near zero value of the Reynolds shear stress 
in the freestream at all four stations, as is expected. The 

outermost positive peak in the shear stress profiles at stations 
B and C coincides with the location of the separation shock. 
Like the secondary peaks in the transverse normal stress, this is 
an artifact of either small-scale shock motion or particle lag. 

Figure 10 shows the nondimensional turbulent kinetic 
energy profiles. Previous LDV measurements in related flows 
(Herrin and Button 1995) show that the spanwise turbulence 
intensities are approximately equal to the transverse turbu- 
lence intensities in compressible shear layers. Therefore, the 
turbulent kinetic energy in this study is approximated as 

TKE=i{u'^ + 2v'^) (1) 

the spanwise normal stress is approximated as equal to the 
transverse normal stress. This definition is slightly different 
than that used by some previous researchers such as Kuntz 
(1985) where the spanwise normal stress is approximated as 
the arithmetic average of the streamwise and transverse normal 
stresses. This average definition has the effect of overestimat- 
ing both the spanwise turbulence and, consequently, the 
turbulent kinetic energy. 

The most obvious feature of the turbulent kinetic energy 
profiles in Fig. 10 is their close similarity to the streamwise 
normal stress profiles (see Fig. 7). The streamwise normal 
stress is much larger than the transverse normal stress over 
most of the flowfield and so dominates the turbulent kinetic 
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energy. Like the streamwise and transverse normal stresses, the 
turbulent kinetic energy profiles show very little variation with 
changes in shock position, except in the approaching boundary 
layer. 

It is not surprising that Kussoy et al.'s (1988) turbulent 
kinetic energy data showed a greater variation based on 
shock position than the data presented here. As described 
previously, Kussoy et al.'s algorithm formed data sets only for 
shock positions ahead of or behind a given transducer. This 
results in forward- and rearward-biased data sets, and a total 
data set of unknown bias. In the current study, which uses 
an algorithm utilizing two transducers, the data maybe formed 
into a single data set of minimal bias (region 2 data). 
Based on the results of this study, it is apparent that 
a conditional analysis technique such as Kusso/s can overstate 
the effect of shock wave unsteadiness on the measured 
turbulence quantities. 

4.2 
Effects of shock motion direction 
The conditional averaging algorithm described earlier may be 
modified to isolate the effects of the direction of the shock 
motion rather than the effects of the shock position on the 
velocity field. As mentioned earlier, LDV data are acquired at 

random times (whenever a seed particle passes through the 
measurement volmne), while the pressure data (used to 
determine the shock position) are acquired at regular intervals. 
Therefore, each LDV point occurs within a time interval 
bounded by pressure samples. If the shock position at the 
beginning and the end of an interval containing an LDV data 
point are the same, the shock position is known for that LDV 
data point, and the corresponding shock region is assigned. 
However, if the shock position at the beginning and end of an 
interval containing an LDV data point are not the same, the 
shock wave must have transitioned between the two regions 
during the time interval in question. Inspection of typical data 
ensembles for this flow shows that these shock transitions 
occur in less than 1% of the sample intervals. The exact shock 
position is not known for LDV data points occurring during 
these transition intervals and so, instead, a classification 
number corresponding to the particular type of shock 
transition is assigned to each such LDV data point. 

There are three such transition cases in each of the upstream 
and downstream directions. In the downstream direction, 
these correspond to transitions firom upstream of both to 
between the two transducers (transition from regions 1 to 2), 
firom between the two transducers to downstream of both 
(transition firom regions 2 to 3), or from upstream of both to 
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downstream of both transducers (transition from regions 1 to 
3). Similar cases occur for the upstream direction. 

For this study of the effects of the direction of shock motion, 
only transitions beginning or ending in region 2 (between 
the transducers) are considered. The transitions across both 
transducers are excluded due to their increased shock position 
uncertainty at both endpoints of the motion. Due to the low 
LDV data rates and the short tunnel run times possible, only 
196608 (i.e., 192k) velocity realizations could be acquired 
during each tunnel run. Despite acquiring data at only a single 
spatial location during a given tunnel run, the small number of 
transition cases (less than 1 % of all acquired data) limited the 
directionally conditional ensemble size to 1100 velocity 
realizations for each direction. This is considerably smaller 
than the 4096 (i.e., 4fc) realization ensembles used in all other 
data presented in this study, which substantially increases 
the random error in the resulting mean velocity and turbulent 
stresses (see Appendix A). 

Because of the large number of velocity realizations required 
for statistically significant ensembles, direction conditional 
ensembles were obtained only within the shear layer at station 
B, the base plane (see Fig. 2). This position was selected 
because of its proximity to the separation point and the 

presence of the recirculation zone. The traverse was limited to 
below j=8.5 mm, so as to lie beneath the region of particle lag 
lying downstream of the separation shock wave. To equalize 
the random error, which depends on the ensemble size, all 
of the conditional (upstream, downstream, and region 2) 
averages for the data presented in this portion of the study use 
an ensemble size of 1100 realizations. The systematic error or 
bias error in the LDV data is identical for the three sets. Any 
differences between the three sets are, therefore, due only to 
changes in the direction of the shock motion or to random 
errors in the LDV data. 

The profiles in Fig. 11 for the streamwise mean velocity and 
turbulent stresses show the effects of changes in the direction 
of shock motion. As can be seen from Fig. 11, no significant 
effect of the direction of shock motion can be distinguished 
from the direction-independent but position-conditioned 
(region 2) data for the mean streamwise velocity. As just 
discussed, the increased experimental scatter in these profiles 
is due to the reduced ensemble size compared to that in Figs. 
6-10. Interestingly, even with equal ensemble sizes, the 
downstream data set, rather than the region 2 data set, displays 
the most experimental scatter of the three conditional averages. 
This provides some evidence that the direction of the shock 
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motion may have a more important effect on the velocity 
statistics than the position of the shock. The upstream and 
region 2 profiles in Fig. 11 agree fairly closely for the mean 
streamwise velocity and transverse normal stress. Hov»rever, for 
the streamwise normal stress the upstream data set exhibits 
less scatter than the region 2 profile. Also interesting is the 
agreement in the peak magnitude of the streamwise normal 
stress for the downstream and region 2 data sets. Comparing 
this peak value with that found in Fig. 7 for the same location, 
but with a larger ensemble size (i.e., smaller random error), the 
values are found to agree. The peak streamwise normal stress 
for the upstream data profile, however, displays a smaller peak. 
This difference is well outside the 9% error bars at this 
location. 

Examining the transverse normal stress and Reynolds 
shear stress profiles in Fig. 11 reveals two other statistically 
significant trends. First, the transverse normal stress profile 
for the downstream data set deviates significantly fi-om the 
upstream and region 2 profiles over the region 2 mm <y < 
5 mm. This deviation is also larger than the measurement 
uncertainties at these locations. Most noticeable in the 
downstream transverse normal stress profile is the presence 
of a distinct and large trough and peak in this region. The 
midpoint between these two features also coincides vrith the 
location of the peak streamwise normal stress (i.e., the center 
of the shear layer). The last noteworthy feature of Fig. 11 is the 

greatly increased peak positive shear stress value displayed 
(note by convention that the negative of the shear stress has 
been plotted) by the downstream data profile. This peak value 
of approximately —0.0095 is almost twice the value of the 
approximately —0.005 peak exhibited by both the upstream 
and region 2 data profiles. Interestingly, comparing the region 
2 shear stress profile in Fig. 11 to those found in Fig. 9 at 
the same streamwise location reveals that the use of a larger 
ensemble size for the region 2 data does not change the peak 
value from that present in the upstream and region 2 profiles of 
Fig. 11. The positive shear stress peak in Fig. 9 does, however, 
occur closer to the wall than the positive shear stress peak of 
the downstream profile in Fig. 11. 

Summary and conclusions 
The technique described for separating shock motion fi"om 
turbulence in LDV measurements has been successfully 
demonstrated. Data have been presented for streamwise 
locations upstream of mean separation, in the separated shear 
layer, and through the reattachment region. The shock motion 
has been shown to have a significant effect on the measured 
turbulence within the boundary layer upstream of the mean 
separation location, and a much smaller effect through the 
separated shear layer and reattachment regions. This study has 
shown that freezing the shock wave at a single position does 



not have a significant effect on measured mean velocities or 
turbulence quantities downstream of separation, as compared 
to the unconditionally analyzed data set. 

This study indicates, however, that changes in the direction 
of shock wave motion do significantly alter the measured levels 
of downstream turbulence, although the mean velocity is still 
unaltered. Specifically, upstream shock motion decreases the 
apparent peak streamwise normal stress, but does not 
change the peak transverse normal stress or the Reynolds 
shear stress. Downstream shock motion increases the peak 
positive shear stress and shifts the location of this peak further 
from the wall. Motion in this direction also does not 
appreciably change the streamwise normal stress. Downstream 
motion decreases the transverse normal stress over a portion 
of the top of the shear layer, while increasing the transverse 
normal stress over a portion of the bottom of the shear 
layer. Taken together this indicates that there may be changes 
in the underlying turbulent structures inside the shear 
layer that correspond to changes in the direction of the 
shock motion. For example, the separation shock may rotate 
about its foot as it translates in the streamwise direction. 
This rotation would correspond to a varying shock strength 
and a varying adverse pressure gradient being imposed 
on the shear layer. This variation could alter the turbulent 
structures inside the shear layer, and therefore, alter the 
velocity statistics. Another possible mechanism would be 
a spanwise "wrinkling" of the shock front that is dependent on 
shock motion direction. 

In general, upstream shock motion seems to decrease 
the turbulent kinetic energy (which is dominated by the 
streamwise normal stress), but does not alter the turbulence 
structure (i.e., the number and location of peaks in the 
turbulence profiles are unchanged). Conversely, downstream 
shock motion does not significantly affect the overall 
turbulence energy level, but does affect the turbulence 
structure. Specifically, downstream shock motion affects the 
upper and lower portions of the shear layer differently (see the 
transverse normal stress profiles in Fig. 11). Additional 
turbulence measurements in this flowfield, which are the 
subject of another paper (Palko and Dutton 1998), have 
also indicated two distinct layers in this shock-separated 
shear layer. 

While future analysis of LDV data will attempt to elucidate 
the nature of the changes in turbulent structure due to changes 
in shock direction, ideally flow visualizations could be used to 
answer these questions. Recently, some flow visualization has 
begun in planar compression comer shock wave-boundary 
layer interactions (Chan et al. 1995; Beresh et al. 1997). 
This work has concentrated on uncovering a cause for the 
low-frequency shock wave unsteadiness. Specifically, no strong 
correlation was found between the low-frequency shock 
motion and changes in the thickness of the incoming boundary 
layer. Additional high resolution planar visualization studies 
are needed, however, to allow characterization of the depend- 
ence of turbulent structure on shock motion direction. 

Appendix A. Experimental uncertainty 
A detailed error analysis has been performed (Palko 1998) for 
this experiment. The relative systematic or bias error in 
the mean velocity and normal stresses for both the streamwise 

and transverse velocity components was estimated to be no 
larger than 2% and is primarily due to uncertainty in the 
measurement of the LDV fringe spacing. Due to the careful 
choice of seeding levels, seed material, and beam angles, and 
from the use of both frequency shifting and interarrival time 
velocity debiasing (Herrin and Dutton 1993), the effects of 
fringe bias, velocity gradient bias, velocity bias, particle 
concentration bias, and particle lag were estimated to be 
negligibly small (Palko 1998). As noted previously, particle lag 
is estimated to be significant only in the region immediately 
downstream of the shock wave, which is outside the region of 
interest. 

The overall random or precision errors in both the mean and 
variance of the velocities are given by 95% confidence intervals 
(assuming a normal distribution of velocities). The limits of 
these confidence intervals depend both on the ensemble size 
and on the standard deviation of the velocity distribution, 
i.e., the rms velocity fluctuation (Bendat and Piersol 1986). 
Equations (2)-(5) below give the random error in the mean 
and variance estimates at 95% confidence, where M, /x, s, a, 
and N are the estimate of the mean velocity, the actual mean 
velocity, the estimate of the rms velocity, the actual rms 
velocity, and the ensemble size, respectively. Please note that 
these equations apply to both the streamwise and transverse 
velocities. 

Specifically, for N=4096: 

M - 0.031s < n<M+0.Q3ls 

0.957^" < ff' < 1.046s' 

and for N= 1100: 

M - 0.060s ^n< M-I-0.060s 

0.9205^ ^<7^< 1.0915^ 

(2) 

(3) 

(4) 

(5) 

The random error in the estimate of the mean at any given 
point in the flow is directly proportional to the rms velocity at 
that point. However, the random error in the estimate of 
the variance of the velocity is independent of the mean velocity. 
For a fixed sample size, the random error in the velocity 
variance estimate is simply a fixed percentage of the 
velocity variance at each point. 

The maximum measured streamwise rms velocity, or the 
square root of the streamwise normal stress, in the present 
study is 0.3217„ or 189 m/s and occurs just upstream of 
reattachment. This maximum rms velocity yields a random 
error in the streamwise mean velocity of 5.9 m/s or 0.01 [/„, for 
the data with ensemble sizes of 4096 points (i.e., Figs. 6-10). 
The maximum measured transverse rms velocity, or the square 
root of the transverse normal stress, in the present study is 
0.1217„ or 71 m/s and occurs just upstream of reattachment. 
This maximum rms velocity yields a random error in the 
streamwise mean velocity of 2.25 m/s or 0.0038[7„ for data in 
Figs. 6-10. The maximum random error in the two normal 
stresses is 4.6% for data in Figs. 6-10. 

Almost all of the data presented in this study use an 
ensemble size of 4096 points. However, for the shock transition 
conditional averages, the ensemble size was limited to 1100 
points. For these transition conditional averages, the maxi- 
mum rms velocities are 0.28t7„ or 165 m/s and O.llt/^ or 



65 m/s for the streamwise and transverse directions, respec- 
tively. The resulting maximum random errors in the mean 
velocity estimates are 9.9 m/s (0.01717„) and 3.8 m/s 
(0.0064 [/„) for the streamwise and transverse directions, 
respectively. The maximum random error in the two normal 
stresses for the shock transition data sets is 9.1%. 
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A procedure for turbulent structure convection velocity measurements using 

time-correlated images 
K. M. Smith, J. C. Dutton 

Abstract This paper describes the development of a technique 
used to determine the convection velocity of large-scale 
turbulent structures captured in time-correlated images. 
The crux of the procedure centers on a cross-correlation 
routine that is used to determine the convection distance of 
eddies during the time separation between the image acquisi- 
tions. The convection velocity is then estimated as the 
convection distance divided by the time separation of the 
image-pair. This cross-correlation routine is capable of 
analyzing very large data sets in a completely automated 
manner, thereby improving the accuracy and objectivity of 
the results over manual or partially automated procedures. 
Guidelines for optimizing the experimental and computational 
components of this technique are also presented. 

1 
Introduction 
Investigations utilizing time-correlated imaging techniques 
have increased dramatically over the last decade and cover 
a wide range of fluid mechanics problems, especially for 
high-speed flows: jets (Fourguette et al. 1991), boundary layers 
(Arnette et al. 1995; Cogne et al. 1993), mixing layers 
(Bunyajitradulya and Papamoschou 1994; Clemens et al. 1996; 
Elliott et al. 1995; Mahadevan et al. 1992; Mahadevan and 
Loth 1994; Papamoschou and Bunyajitradulya 1997; Poggie 
and Smits 1996; Ramaswamy et al. 1996; Wainner and Seitzman 
1995), base flows (Smith 1996), and transverse jet injections 
(Gruber et al. 1997). The advent of affordable high-power lasers 
and high-resolution CCD cameras is responsible for much of 
this growth in research effort. An example of time-correlated 
imaging is presented in Fig. 1 (from Smith 1996), in which 
large-scale structures are shown embedded within a highly 
compressible shear layer. The flow in this figure is from 
left-to-right with the high-speed stream on top. The local shear 
layer width, 3, is indicated in the image margin as a relevant 
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length scale. The specific imaging technique in Fig. 1 utilized 
Mie scattering fi"om sub-micron size condensed ethanol 
droplets that were carried in the upper high-speed stream; 
condensation of the ethanol did not occur in the warm 
low-speed stream. Two pulsed lasers were triggered in 
succession to provide the light source, and the resulting images 
were recorded on intensified CCD cameras. All other details of 
the experiments may be found elsewhere (Smith 1996; Smith 
and Dutton 1996). Note that the indicated structure (core) 
in the initial image of Fig. 1 clearly convects downstream 
approximately one shear-layer thickness during the 11.10 us 
delay between images. By dividing the displacement of the 
structure by the known time separation between images, the 
convection velocity of the structure can then be estimated. 

The ability to extract convection velocity data from 
time-correlated images is valuable since several studies have 
shown the convection velocity to be an important parameter 
for estimating entrainment ratios, growth rates, mixing rates, 
and jet noise characteristics (Dimotakis 1986, 1989, 1991; 
Lighthill 1994). Although this convection velocity estimation 
appears trivial in theory (i.e., convection velocity=convection 
distance/time separation), the practical determination of this 
quantity can become quite complicated when the various 
experimental and numerical issues are considered. The 
primary difficulty involves the subjectivity of identifying and 
tracking a specific flow feature during a given time delay. This 
is particularly formidable for high-speed compressible flows 
where the structures can be three-dimensional and display 
significant evolution over even very short time delays. 

Several approaches for extracting structure motion (and 
ultimately convection velocity) from an image-pair have 
emerged within the literature. Some researchers (Bunyajit- 
radulya and Papamoschou 1994; Clemens et al. 1996; Cogne 
et al. 1993; Gruber et al. 1997; Mahadevan et al. 1992) have 
adopted a straightforward procedure involving visual inspec- 
tion of an image-pair for large-scale structures and manual 
estimation of the structure displacement during the time 
separation. The simplicity and ease of implementation of fully 
manual techniques are attractive; however, a high level of 
subjectivity is inherent since the observer is responsible for 
identifying the candidate structure, both in the initial and 
delayed images, and its displacement. These manual tech- 
niques are also extremely tedious, which limits the maximum 
ensemble size that can be analyzed for convection velocity 
statistics. Other studies (Fourguette et al. 1991; Papamoschou 
and Bunyajitradulya 1997; Wainner and Seitzman 1995) have 
incorporated mathematical models (usually employing some 



Fig.l. Example of time-correlated image-pair (from Smith 1996): time 
delay=11.10^s; image dimensions are 11.6 mm x 8.0 mm 

form of cross-correlation theory) in an attempt to automate the 
determination of the convection distance. Typically in these 
studies, the locations of large-scale structures in the initial 
image are identified manually, and a cross-correlation 
procedure locates the corresponding structure in the delayed 
image. Convection distance is computed from knowledge of 
the structures' initial and delayed locations. Using a partially 
automated procedure such as this allows larger ensembles 
to be processed, which reduces the statistical uncertainty of 
convection velocity estimates. However, subjectivity remains 
an issue since the locations of large-scale structures in the 
initial image are identified by manual inspection. 

Some researchers (Arnette et al. 1995; Elliott et al. 
1995; Mahadevan and Loth 1994; Poggie and Smits 1996; 
Ramaswamy et al. 1996) have completely circumvented the 
task of manually identifying structures in the initial image 
by assigning fixed reference locations in the initial images. 
Cross-correlations are then performed between the initial 
image and the delayed image to determine the structure 
displacement, using the reference locations as the correlation 
center. This fully automated approach to convection distance 
measurement has two distinct advantages: (1) subjectivity in 
structure selection and tracking is greatly reduced; and (2) 
analysis of a large ensemble of convection distance realizations 
is feasible. Several of the existing fully automated procedures 
(Arnette et al. 1995; Elliott et al. 1995; Poggie and Smits 1996) 
rely on averaging individual cross-correlations fields to obtain 
an average cross-correlation field for the ensemble. Examina- 
tion of this average cross-correlation field yields an average 
convection velocity, but the abihty to extract a convection 
velocity distribution (i.e., histogram) firom the realization 
ensemble is lost. 

For convection velocity studies involving large ensemble 
sizes for which objectivity in structure selection and tracking is 
desired, a fully automated technique is clearly preferable to 
manual or partially automated procedures. Development of 
a fully automated procedure involves the specification of many 
computational and experimental parameters (e.g., cross- 
correlation window sizing and time delay selection). Several 
studies have dealt with isolated components of the cross- 
correlation procedure, such as template sizes (Arnette et al. 

1995; Papamoschou and Bunyajitradulya 1997), reference 
locations (Elliott et al. 1995; Papamoschou and Bunyajit- 
radulya 1997), and image processing strategies (Wainner and 
Seitzman 1995). However, other considerations, such as the 
optimal time delay specification, have received relatively little 
attention in the literature. To date, no single research effort has 
concentrated on providing comprehensive guidelines for 
specifying these parameters and others as part of an overall 
convection velocity measurement technique. The work 
described here was performed to establish, through detailed 
parametric studies, a fiilly automated cross-correlation 
procedure for the determination of turbulent structure 
convection velocity data from time-correlated images. Al- 
though the procedure described here was developed specifi- 
cally for high-speed compressible shear layers and planar laser 
imaging using CCD cameras, the overall procedure is adaptable 
to a wide range of flow problems (both compressible and 
incompressible) and non-CCD imaging techniques (such as 
high-speed cinematography). 

Image correction and pre-processing 
Prior to the cross-correlation computations (described in the 
next section), the digital images must first be processed to 
improve their fidelity and utiUty. All images, both initial and 
delayed, were first corrected for laser reflections and camera 
dark current by subtracting an average background image. 
Spatial variations in the scattered signal due to the laser sheet 
profile and droplet coagulation were removed by normalizing 
the instantaneous images by a reference image. Specific details 
regarding the acquisition of the normalization image can be 
found elsewhere (Smith 1996). 

In two-camera experiments (such as the present one), it 
is not uncommon for one camera to consistently register 
different gray-scale levels (i.e., dimmer or brighter) than the 
other camera for the same illumination event. The differing 
response characteristics of the cameras often result in 
a reduced image-pair quaUty, where one image is darker than 
the other image when plotted using a fixed gray-scale mapping. 
This disparity in gray-scale levels between the initial and 
delayed images of an image-pair not only limits subjective 
interpretation of the image-pair, but can also limit the success 
of objective interpretations performed via computational 
analysis. 

In an effort to compensate for the differing response 
characteristics of the two camera systems used in the present 
study, the intensity histograms of the corrected initial and 
delayed images were stretched to occupy the full 8-bit range of 
the CCD sensor, namely 0 to 255. This gray-scale histogram 
stretching was efficiently performed using the formula. 

,     ^_Io\Ax,}')-L ,(x,y)- _ 
■»maif        •»min 

!*255 (1) 

where J is the signal intensity, and the subscripts min and max 
refer to the minimum and maximum values, respectively, of an 
image's histogram. The histogram stretching resulting from 
appUcation of Eq. (1) effectively augments and equalizes the 
contrast levels within a given image-pair. For example, 
comparison of Fig. 1 (with histogram stretching) and Fig. 2 
(without histogram stretching) reveals that this procedure 
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Fig. 2. Example of time-correlated image-pair, presented without 
application of histogram stretching; compare with Fig. 1 

clarified some subtle structural features in the images and 
rectified a moderate disparity in intensity levels between the 
initial and delayed images. Histogram stretching clearly 
improved the subjective appearance of the image-pair shown 
in Fig. 2; the efficacy of this procedure for convection velocity 
determination will be demonstrated in a later section. 

After all image processing was performed, the instantaneous 
signal fluctuation, I', and the root-mean-square intensity, I^s, 

Fig. 3. Graphical description of pattern matching algorithm 

of time-correlated images, a two-dimensional window of 
dimension mxn { width x height, respectively) is defined in 
the initial image at the reference location, (xref, yret)- The 
transverse coordinate, y„(, is conventionally specified as the 
middle of the shear layer, as determined from the average 
image. The size of the window is selected to be large enough 
to contain the pattern eddy but small enough to maintain 
maximum spatial resolution. An equi-dimensional window is 
also defined in the delayed image as the starting point for the 
calculations, which is always upstream of the target eddy. The 
window in the delayed image is then cross-correlated with the 
window in the initial image accordmg to the equation 

R{Ax,Ay,z) 
g^o' I^^o II(Xref-f+p.Jr.f-i + g.t)mx„r+Ax-f+p,y,,f + Ay-':-^ q.t + r) 

"l7=0  I," = oIrn,s.i(^ref-f+P.>'ref-! + ?.f) Z;'=0  ^ = 0 Wd (^ref + ^X-?+p.>',., * Ay-l + q,t + x) 
(5) 

were then computed for the initial and delayed image 
ensembles using the following formulas: 

thix,y) 
= 1 

lkix,y)=hix,y)-Hx,y) 

Irms{x,y) = -1 «(^.;'))' 

(2) 

(3) 

(4) 

The required ensemble size, n, was determined by examining 
the behavior of transverse rms intensity profiles for statistical 
populations ranging from 64 to 384 image-pairs. The results of 
this parametric study indicated that a statistical population of 
about 320 image-pairs produced stable rms profiles, confirm- 
ing that the statistics had achieved stationarity. Accordingly, 
the ensemble size was selected as 320 image-pairs for the 
present study. 

Cross-correiation algorithm 
In the present study, cross-correlation theory, specifically 
a pattern-matching approach (Strickland and Sweeney 1988), is 
employed to identify structures in the initial image and then to 
track them in the delayed image; see Fig. 3. The thick wavy line 
in Fig. 3 represents an idealized shear layer interface forming 
the braids and cores of the large-scale structures. For each pair 

where Ax and Ay represent the spatial separation between the 
centers of the initial window and the delayed window and T is 
the time separation between the mitial and delayed images. The 
subscripts i and d denote the initial and delayed image, 
respectively. 

At the start of the calculations, the initial and delayed 
windows are centered at the same point in space, Ax=Ay = Q. 
The window in the delayed image is then shifted one pixel, 
either in the streamwise or transverse direction, and the 
cross-correlation is repeated. Note that the window in the 
initial image remains fixed at the reference location. By 
traversing the delayed window through the delayed image 
along a serpentine path, a two-dimensional cross-correlation 
field is generated. 

When the delayed window marches over the eddy identified 
in the initial window, the cross-correlation will exhibit a peak 
in magnitude. Figure 4 illustrates a representative cross- 
correlation field for the general case of two-dimensional 
structure motion within an image-pair. The concentric rings of 
Fig. 4 correspond to correlation contours spaced at uniform 
increments of correlation magnitude. The outermost contour 
represents the lowest cross-correlation magnitude; the center 
of the concentric rings represents the highest cross-correlation 
magnitude. As shown in Fig. 4, the location, (Jxpeak> Aypti^k), of 
the cross-correlation peak corresponds to the convection 
distance of the large-scale structure in the streamwise and 
transverse directions, respectively. The convection velocity, Uc, 
is then computed using this knowledge of the convection 
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Fig. 4. Representative two-dimensional cross-correlation field, 
R(Ax, Ay, T), for an individual image-pair 

distance and the time separation: 
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(6) 

The calculation then resets by loading two new time-correlated 
images and the above procedure is repeated. After a large 
ensemble of instantaneous image-pairs has been processed, 
a convection velocity histogram is assembled. 

The ability to track a structure's streamwise and transverse 
convection velocity components is especially useful for flow 
situations in which the large-scale structures maybe embedded 
in unsteady pitching flows, such as flapping shear layers. In the 
majority of applications of interest, however, the large-scale 
structures convect in the streamwise direction only, and the 
convection velocity therefore refers only to the structures' 
streamwise velocity component in these cases (i.e., Jxp„k is 
finite; -d^peak is zero). For the remainder of this paper, the term 
convention velocity will, by convention, refer strictly to the 
streamwise component. 

Implementation details and optimization 
Although the calculations described above are relatively 
straightforward, appropriate specification of parameter values, 
such as the window size, m x n, or time separation, T, is crucial 
to the success of the procedure. The following sections describe 
the systematic qualification of the cross-correlation procedure 
that has been performed, as well as development of several 
implementation guidelines. The results of the optimization 
study presented here are specific to the present experiment; 
however, the optimization philosophy itself should be effective 
for a great many experimental applications. 

4.1 
Determination of window dimensions 
The determination of the optimal value for the window size, 
m X «, was performed based on an experiment in which the 
initial and delayed cameras were intentionally mis-registered 
with streamwise and transverse offsets of 79 and 0 pixels, 

respectively. The streamwise offset was selected to ensure an 
appreciable camera mis-registration of approximately one 
shear layer thickness. Flow visualization experiments were 
then performed at nominal run conditions. Both cameras were 
simultaneously exposed by a single laser flash, which produced 
an artificial convection distance of exactly 79 pixels in the 
delayed image without any structural evolution or deformation 
of the large-scale structures. One hundred image-pairs were 
collected and processed using the cross-correlation procedure 
of Eq. (5) for a range of window sizes. The window sizes were 
selected as convenient firactions (or multiples) of the shear 
layer thickness, d, since previous imaging studies confirmed 
that the embedded large-scale structures possess a spatial 
extent on the order of this length-scale (Smith and Dutton 
1996). Each image-pair cross-correlation was considered 
a success if Eq. (5) returned {Axp„i, -d;'p„k) values of (79,0) 
pixels. 

Table I presents the results of this parametric study for 
window sizes ranging from S/i to 45 on edge. Square windows, 
as well as windows with aspect ratios of one-half and two, were 
considered. For all window sizes, the histogram stretching 
procedure was observed to uniformly and significantly 
improve the success rate of the cross-correlations (see values 
in parentheses). A window size of 4(5 x 46 gave the best 
performance, with the correct (-dxpe.k, ^/p.ak) value of (79,0) 
pixels being found for 96% of the ensemble population. 
Fortunately, the cross-correlation rejects were easily identifi- 
able since most of the failures corresponded to unphysical 
results, such as reverse flow or velocities in excess of the 
high-speed fireestream velocity. The performance of non- 
square windows was found to be better for vnndows that were 
wider than they were tall (entries below the main diagonal in 
Table 1), which is consistent with the expectation that a greater 
correlation length along the streamwise direction of the shear 
layer would lead to a more accurate capture of structure 
motion. Tall windows that penetrate deeply into the bounding 
freestream flow (entries above the main diagonal in Table 1) 
would not be expected to significantly improve the correlation 
success rate since the freestream fluid is, by definition, 
uncorrelated fluid; this expectation is reflected in the data of 
Table 1. 

A window size of 46 x 26 achieved nearly the same success 
rate as the 46 x 48 case (95% vs. 96%, respectively); how- 
ever, the smaller 46 x 26 window required only one-half 
the computational time that the 46 x 46 window required. 
Furthermore, after removing the cross-correlation rejects and 
computing histogram statistics for the 46 x 46 and 4^ x 26 
cases, these two cases were found to have nearly identical 
estimates for the average pixel displacement (79.1 pixels) and 
standard deviation (0.94 pixels). Recalling that the standard 
deviation, a, of the histogram provides a direct measure of the 
cross-correlation uncertainty, the uncertainty of the present 
cross-correlation procedure using & 46x46 or 46 x 26 window 
is approximately +2 pixels for a 95 percent confidence interval 
(characterized as ±2a). Based on the similar quantitative 
estimates obtained from the 46 x 46 and 46 x 26 cases, and 
after considering the reduced computational demands of the 
46 X 26 over the 46 x 46 case, all cross-correlations in this 
study were performed using histogram stretching and 
rectangular windows with dimensions of 4^ x 26. 
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Table 1. Effects of window size 
and histogram stretching on 
cross-correlation success rate 

Height 

dIA 512 6 2d 4.5 

w 
i 
d 
t 
h 

S/4 
d/2 
d 
25 
45 

6% (8%) 
13% (18%) 

10% (12%) 
9% (29%) 

33% (50%) 
26% (37%) 
35% (62%) 
67% (77%) 

45% (59%) 
71% (84%) 
84% (95%) 

72% (91%) 
81% (96%) 

Note: Success rate without histogram stretching is shown without parentheses 
Success rate with histogram stretching is shown within parentheses 

4.2 
Selection of time delay 
The selection of the time delay, i, between initial and delayed 
images in an image-pair represents a compromise between two 
competing factors: experimental uncertainty and structure 
evolution. Longer time delays allow the structure to convect 
farther thereby reducing the uncertainty of the convection 
velocity calculation. However, shorter time delays reduce the 
amount of deformation and rotation as the structure convects. 
Too much structural evolution will degrade the reliability of 
the pattern-matching algorithm discussed earlier. 

The optimal time delay for the convection velocity calcu- 
lations was determined through a parametric study using 
a wide range of time delays. The non-dimensional parameter 
f = Ucild was employed as a measure of the time delay. Note 
that for f= 1, the structure convects a distance equal to the 
shear layer thickness. Since the actual convection velocity is 
not known a priori, the isentropic estimate for convection 
velocity (Papamoschou and Roshko 1988), Uc,isen> was used in 
computing the non-dimensional time delay. In the preseiit 
experiment, C/c,isen is 335 m/s and <5 is 1.95 mm. For each time 
delay, an ensemble of 100 image-pairs was acquired with 
proper camera registration and processed as described above, 
using 4:8 X 28 windows and histogram stretching (Eq. (1)). 
As before, the average and rms images for these calculations 
were based on ensembles of 320 instantaneous images. The 
cross-correlation of an image-pair was considered a success if 
the value of the computed convection velocity was positive and 
less than the high-speed freestream velocity. 

Table 2 contains the results of the time delay study. The 
correlation success rate is approximately constant across the 
range of time delays presented except for the T = 3.0 us case. No 
obvious cause for the lower success rate in this case is apparent 
in the raw data. The mean convection velocity is remarkably 
constant for 0.17 <fisen< 0.52; however, for fisen values in 
excess of 0.52, a severe drop-off in the mean convection 
velocity is seen, as well as a large increase in the standard 
deviation of the convection velocity realizations. This would 
imply that fisen values greater than 0.52 precluded a reliable 
convection velocity estimate due to unacceptably large 
deformation and rotation of the structures. The performance of 
the overall procedure for fisen = 0.34 and 0.52 was roughly 
identical; therefore, the optimal time delay was specified such 
that fisen ~ 0.50, thereby obtaining the smaller experimental 
uncertainty. As presented elsewhere (Smith 1996), a standard 
uncertainty analysis for the overall technique indicates that 

Table 2. Results of time delay parametric study 

Parameter r = 1.0ns T=2.0ns T=3.0ns T=4.0HS 

Ucisen T/5 0.17 0.34 0.52 0.69 
Correlation success rate 97% 95% 88% 97% 
Mean convection velocity 415 412 416 372 
[m/s] 
Convection velocity 77 69 66 107 
Standard deviation [mis] 
Average convection 
distance [pixels] 18.1 35.9 54.3 64.8 
Uncertainty in measured ±17.5% ±8.8% ±5.8% ±4.9% 
Convection velocity* 

"Computed using a cross-correlation uncertainty of ±2 pixels 

this time delay corresponds to an uncertainty of approximately 
±5.8% for cross-correlation uncertainties of +2 pixels; see 
Table 2. 

4.3 
Velocity realization filtering and processing 
Now that the optimal window size and time delay have been 
established, a large ensemble of image-pairs can be collected 
and confidently processed. As mentioned earlier, 320 images 
produced stable average and rms images; therefore this 
number of image-pairs was selected as the convection velocity 
ensemble size. The 320 image-pairs obtained with a time delay 
of fisen « 0.50 were processed (using histogram stretching and 
4(5 X 28 windows) to yield 320 instantaneous convection 
velocity realizations. For all cross-correlations, the streamwise 
reference location, Xref, was set at a fixed streamwise location; 
the transverse reference location, 7ref> was fixed at the middle 
of the shear layer. 

The task then becomes to identify an appropriate treatment 
of the convection velocity histogram. In this study, an effective 
approach involved filtering the velocity data by first removing 
any realizations that represent unphysical results, such as 
negative velocities or velocities in excess of the high-speed 
freestream velocity. Typically, 5% of the realizations were 
rejected based on these velocity magnitude criteria. The mean, 
fi, and standard deviation, cr, of the remaining distribution 
were then computed and any velocities falling outside a +3cr 
vrindow centered on the mean were discarded. This step 
amounts to a classical Chauvenet's rejection of statistical 
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Fig. 5. Representative histogram of convection velocity realizations 

outliers (Holman 1984). The frequenqr of these outliers was 
quite small, usually numbering no more than 2% of the 
original ensemble population. The remaining data were then 
used to assemble the final convection velocity histogram and to 
compute the final mean convection velocity and standard 
deviation, which were 420 and 60 m/s, respectively. The final 
convection velocity histogram exhibited a roughly Gaussian 
shape; see Fig. 5. More than 90% of the raw instantaneous 
velocity realizations were retained in the final velocity 
histogram. 

Conclusions 
In this paper, a general procedure for determining turbulent 
structure convection velocity from time-correlated image data 
has been presented. The overall scheme is based on a pattern- 
matching algorithm employing cross-correlations. The proced- 
ure increases the objectivity of the results over a manual 
process of selecting the eddies, since no subjective judgements 
are made as to what constitutes a structure or how far it moves. 
The cross-correlation procedure used here is fully automated 
so that a large number of image-pairs can be included in the 
statistical ensemble. Since each image-pair produces a single 
convective velocity realization, a large ensemble of image-pairs 
can provide a mean convection velocity, as well as higher-order 
moments such as rms estimates. 

A systematic procedure for optimizing the various para- 
meters contained in the cross-correlation procedure has also 
been presented. This optimization philosophy allows the 
present technique to be confidendy extended to other imaging 
studies. For example, the optimal time delay for an incom- 
pressible shear layer study would be greater than the f « 0.50 
used here, since the embedded large-scale structures would 
possess greater temporal coherence than the highly compress- 
ible eddies observed in the present study. By applying the 
procedures and guidelines contained in this paper, the optimal 
time delay for the low-compressibility case could be developed. 
Similar arguments apply to optimizing the cross-correlation 
window dimensions. 

The modular structure of the overall convection velocity 
measurement procedure presented here allows for convenient 

adaptation and extension to other imaging modalities as well. 
For example, the present cross-correlation strategy could be 
easily modified to track an individual structure across several 
time-correlated images obtained using high-speed cinemato- 
graphy. Furthermore, some research applications may benefit 
from alternative histogram stretching routines, such as 
histogram equalization (Hummel 1977), prior to computing 
the cross-correlations. Histogram modifications, as well as 
a myriad of image filters (Gonzalez and Wintz 1987), could also 
easily be inserted into the procedure after the image correction 
steps. 

References 
Arnette SA; Samimy M; Elliott GS (1995) Structure of supersonic 

turbulent boundary layer after expansion regions. AIAA J 33: 
430-438 

Bunyajitradulya A; Papamoschou D (1994) Acetone PLIF imaging of 
turbulent shear-layer structure at high convective Mach number. 
AIAA Paper 94-0617, AIAA 32nd Aerospace Sciences Meeting and 
Exhibit, Reno, Nevada, January 10-13 

aemens NT; Smith MF; Fernandei FV (1996) Observations of 
supersonic flat plate wake transition. AIAA Paper 96-0785, AIAA 
34th Aerospace Sciences Meeting ind Exhibit, Reno, Nevada, 
January 15-18 

Cogne S; Forkey J; Lempert W; MUM RB; Smits AJ (1993) The 
evolution of large-scale structurei in a supersonic turbulent 
boimdary layer. ASME Fluids Engineering Division, Transitional 
and Turbulent Compressible Flows 151: 229-237 

DimotakisPE (1986) Two-dimensional shear-layerentrainment. AIAA 
J 24: 1791-1796 

Dimotakis PE (1989) Turbulent fre* shear layer mixing. AIAA Paper 
89-0262, AIAA 27th Aerospace Sciences Meeting, Reno, Nevada, 
January 9-12 

Dimotakis PE (1991) On the convection velocity of turbulent 
structures in supersonic shear Uvers. AIAA Paper 91-1724, AIAA 
22nd Fluid Dynamics, Plasm* Ih-namics fit Lasers Conf, Honolulu, 
Hawaii, June 24-26 

Elliott GS; Samimy M; Arnette SA (IWS) The characteristics and 
evolution of large-scale structures in compressible mbdng layers. 
Phys Fluids 7: 864-876 

Fourguette DQ Mungal MG; Dibble RW (1991) Time evolution of the 
shear layer of a supersonic «xi$\-Tnmetric jet. AIAA J 29:1123-1130 

Gonzalez RQ Wintz P (1987) Dipitil image processing. Addison- 
Wesley, Reading, MA 

Gruber MR; Nejad AS; Chen TH; Dutton JC (1997) Large structure 
convection velocity measurements in compressible transverse 
injection flowfields. Exp Fluids i; 397-407 

Holman JP (1984) Experimental methods for engineers. McGraw-Hill, 
New York 

Hummel RA (1977) Image enhancement by histogram transformation. 
Comput Graphics Image Process 6: 184-195 

Lighthlll J (1994) Some aspects of the aeroacoustics of high-speed jets. 
Theoretical and Comput Fluid Dyn 6: 261-280 

Mahadevan R; Gugliebno J; Frank R; Loth E (1992) High-speed 
cinematography of supersonic mixing layers. AIAA Paper 92-3545, 
AIAA/SAE/ASME/ASEE 28th joint Propulsion Conf and Exhibit, 
NashviUe, TN, July 6-8 

Mahadevan R; Loth E (1994) High-speed cinematography of 
compressible mixing layers. Exp Fluids 17: 179-189 

Papamoschou D; Bunyajitradulya A (1997) Evolution of large eddies 
in compressible shear layers. Phys Fluids 9: 756-765 

Papamoschou D; Roshko A (1988) The compressible turbulent shear 
layer: An experimental study. J Fluid Mech 197: 453-477 

Poggie J; Smits AJ (1996) Large-scale coherent turbulence structures 
in a compressible mixing layer flow. AIAA Paper 96-0440, AIAA 
34th Aerospace Sciences Meeting 8t Exhibit, Reno, Nevada, January 
15-18 



Ramaswamy M; Loth E; Dutton JC (1996) Free shear layer inter- 
action with an expansion-compression wave pair. AIAA J 34: 
565-571 

Smith KM (1996) An experimental investigation of large-scale 
structures in supersonic reattaching shear flows. Ph.D. Thesis, 
Department of Mechanical and Industrial Engineering, University of 
Illinois at Urbana-Champaign 

Smith KM; Dutton JC (1996) Investigation of large-scale structures in 
supersonic planar base flows. AIAA J 34: 1146-1152 

Strickland RN; Sweeney DW (1988) Optical flow computation in 
combustion image sequences. Appl Opt 27: 5213-5220 

Wainner RT; Seitzman JM (1995) Flow evolution measurements from 
^50 planar image analysis. AIAA Paper 95-1972, AIAA 26th Fluid 

Dynamics Conference, San Diego, California, June 19-22 



APPENDIX A.5 

EVOLUTION AND CONVECTION OF LARGE-SCALE STRUCTURES IN 
SUPERSONIC REATTACHING FLOWS 

Physics of Fluids 

Volume 11, Number 8, August 1999 

Pages 2127-2138 

by 

K. M. Smith and J. C. Button 



PHYSICS OF FLUIDS VOLUME 11, NUMBER 8 AUGUST 1999 

Evolution and convection of large-scale structures in supersonic 
reattaching shear flows 

K. M. Smith and J. C. Dirtton 
Department of Mechanical and Industrial Engineering, University of Illinois at Urbana-Champaign, 
1206 West Green Street, Urbana, Illinois 61801 

(Received 28 August 1998; accepted 14 April 1999) 

Double-pulsed Mie scattering studies were perfonned to characterize the evolution of large-scale 
structures embedded within a planar supersonic base flow. Images were obtained at several 
streamwise stations along the shear layers, at reattachment, and in the near-wake regions. From 
these time-correlated images, the evolution characteristics of the large-scale structures were 
examined over a range of nondimensional time delays, as defined by local integral length and 
velocity scales. The double-pulsed images indicated that for short time delays (i.e., less than the 
representative eddy rollover time), the structures exhibited a simple translation in the streamwise 
direction. As the time delay was increased, rotation and elongation of the structures were observed 
in addition to the translation feature. Time delays that j^preciably exceeded the local eddy rollover 
time generally resulted in a dramatic loss of structure identity. No eddy interactions, such as pairing, 
were observed at any of the imaging locations. Images obtained near reattachment provided 
evidence of shocklets moving in concert with the local eddies. In the initial portions of the shear 
layers, the mean convection velocity was measured to be significandy higher than the isentropic 
estimate, which is consistent with the results of previous convection velocity studies using mixing 
layers composed of supersonic/subsonic freestream combinations. The eddies decelerate through the 
recompression and reattachment regions, presumably due to the influence of the adverse pressure 
gradient. Downstream of reattachment, the large-scale structures accelerate as the wake develops. 
© 1999 American Institute of Physics. [81070-6631(99)02308-9] 

I. INTRODUCTION 

High-speed separated base flows are frequently encoun- 
tered in practical applications such as powered missiles in 
supersonic flight, the trailing edge of a blunt supersonic air- 
foil, chemical lasers, supersonic exhaust nozzles, and super- 
sonic combustors. Although base flows have been studied 
continuously for more than five decades, only recentiy have 
technological advances permitted the coUection of tempo- 
rally and spatially resolved visualizations of the near-wake 
region. High-resolution planar images'"^ have verified the 
conclusions of earUer point-by-point velocity studies,^''* 
namely that the free shear layers bordering the recirculation 
region do, in fact, possess embedded large-scale structures 
that interact with the recirculation and reattachment zones. In 
the near-wake region, these large-scale structures are a domi- 
nant feature of the macroscopic flow structure. For aerospace 
applications, the entrainment of recirculation fluid into the 
shear layer by the large-scale structures is of particular inter- 
est since mass subtraction from the base region corresponds 
to reduced base pressure and increased form drag. 

Figure 1 presents a graphical description of a generalized 
base flow involving two supersonic streams separating past a 
finite-thickness base. The s^proach turbulent boundary lay- 
ers geometrically separate at the base comers forming free 
shear layers, which undergo strong centered expansions to 
equihbrate with the base pressure. The shear layers exit the 
expansion regions and initially interact with the outer invis- 

cid flow and the inner recirculation flow as a zero pressure- 
gradient, zero streamline-curvature mixing layer. In prepara- 
tion for reattachment, the shear layers experience an adverse 
pressure-gradient environment during recompression. The 
recompression region is also characterized by the onset of 
streamline curvature. The two shear layers converge at the 
reattachment point where fluid possessing sufficient me- 
chanical energy to overcome the final recompression enters 
the wake region and is subsequentiy accelerated. Fluid that 
cannot overcome the final recompression is turned back to- 
ward the base, thereby forming the reverse flow in the recir- 
culation zone. 

Much of the current understanding of large-scale struc- 
tures in compressible flows has been derived from imaging 
studies of canonical two-stream mixing layers. Planar visu- 
aUzations have provided a great deal of insight into the ex- 
istence and role of large-scale structures in these shear flows, 
and show that these structures are significandy affected by 
the overall level of compressibility.^"" At low to moderate 
compressibility, Brown-Roshko*^ rollers can be seen, with 
distinct braids and central cores. The two-dimensional rollers 
possess a significant spanwise extent and propagate down- 
stream without appreciable skewing in the spanwise direc- 
tion. Merging events (e.g., pairing) are easily discerned. As 
the compressibility increases, the spanwise two-dimensional 
organization of the structures degrades, resulting in a less 
coherent, more strained, three-dimensional appearance. Ob- 
Uque motions now become important in the shear layer 

1070-6631/99/11(8)/2127/12/$15.00 2127 © 1999 American Institute of Physics 
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FIG. 1. Flow processes for die separation of two supeisonic streams past a 
finite-tfaickness base (adapted from Ref 29). 

dynamics.""'^ Moreover, the structures also q>pear to re- 
spond to the increased compressibility by adopting an ellip- 
tical shape that is inclined toward the streamwise direction.' 
At high levels of compressibility, rotational pairing of the 
eddies 2^pears to be inhibited, possibly due to Umited com- 
munication paths within the shear layer.'* 

Compressibility appears to influence not only the size 
and shape of the large-scale structures, but also the evolution 
of the organized motions. Both pointwise techniques" and 
planar imaging*''* have suggested that increasing compress- 
ibility is correlated with a reduction in the eddies' temporal 
coherence. As the compressibility increases, the entire birth- 
life-death cycle of an eddy is compressed into a shorter 
nondimensional time span. 

Convection velocities also demonstrate a compressibility 
dependence. At low compressibility, the structures convect at 
approximately the theoretical convection velocity developed 
from isentropic assumptions. "•^*' At significant levels of 
compressibility, structures travel with a velocity closer to 
that of the high-speed stream for supersonic/subsonic 
freestream combinations and closer to that of the low-speed 
stream for supersonic/supersonic freestream combinations. 
Evidence of this convection velocity bias is provided by 
time-correlated schlieren images,^' double-pulsed planar 
images,*"''"'^"^* high-speed cinematography,'*'^' and wall 
static pressure cross correlations.^ 

In a previous publication,' the structure of the embedded 
coherent motions in the near-wake of a supersonic planar 
base flow was described using single-pulsed visualizations 
and spatial statistics. In the present study, the temporal evo- 
lution and convection characteristics of these large-scale 
structures are investigated using double-pulsed visualizations 
of the same flowfield. Since large-scale motions are an inte- 
gral feature of supersonic base flows, characterization of the 
structure, evolution, and convection of these structures in the 
near-wake region is clearly important. 

II. FACILITY AND EQUIPMENT 

The experiments described here were performed in a 
blow-down-type wind tunnel that was designed specifically 
for the study of planar supersonic base flows;^' see Fig. 2. 
Compressed, dried, and filtered air enters a large plenum 
chamber, where stagnation conditions are monitored. A 

Exhaust Ondet 
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Splicer Pi^rr^^msazaap 
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I 
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FIG. 2. niysical anangement and test section internals of planar base floA 
wind tunnel. 

Steady stagnation pressure is maintained through the use of i 
control valve that receives its command input from a PID 
type controller operating with a stagnation pressure feedbacl 
loop. After negotiating a flow conditioning module consist 
ing of metallic honeycomb and screens, the high-pressure ai 
is then divided into two paths, each path supplying an iso 
lated converging-diverging nozzle located in the test sec 
tion. Hie nominal stagnation pressures and temperatures foi 
both streams are /'„=503±3kPa (absolute) and To='M 
±2 K, respectively. Each flow is then accelerated through it! 
nozzle to supersonic velocity and, when separation occurs a 
the end of the splitter plate, the flow interaction region is ii 
full view of the side-wall windows. Flush-mounted slot win- 
dows allow for optical access through the floor and ceiling ol 
the test section. The exhaust air exits the facility through i 
constant-area diffiiser and silencer ductwork. 

The general design of the test section incorporates twc 
converging-diverging half-nozzles which use the 25-miE 
thick splitter plate surfaces as symmetry boundaries. The 
converging-diverging nozzles were designed by Amatucci^' 
using a method of characteristics analysis for the prescribed 
Mach number and nozzle exit height: an upper Mach 2.f 
flow with a SO-mm exit height and a lower Mach 2.0 flow 
with a 25-mm exit height The overall dimensions of the test 
section are 100 in height and 50 mm in width. The boundaiy 
layer thicknesses at separation are intentionally mismatched 
to simulate power-on conditions for a supersonic missile. 
Just upstream of the base comer, the A/=2.5 boundary layer 
is approximately 2.3 times thicker than the Af=2.0 boundary 
layer (3.35 and 1.46 mm, respectively).^' 

III. EXPERIMENTAL DIAGNOSTICS 

Mie scattering from condensed ethanol droplets was em- 
ployed as the visualization technique in the present study.'** 
As shown in Fig. 2, liquid ethanol (at 0.35% mass fraction) 
is introduced approximately 5 meters upstream of the ple- 
num chamber, ensuring sufficient residence time for com- 
plete evaporation into the carrier air prior to reaching the test 
section. Acceleration to supersonic conditions creates a su- 
persaturated air/ethanol mixture, in which the ethanol subse- 
quently condenses to form an extremely fine fog. The con- 
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FIG. 3. Equipment schematic for double-pulsed experiments. 

densed ethanol droplets are estimated to have a Gaussian size 
distribution widi a diameter in the range of 0.01-0.1 fjm and 
a number density on the order of lO'^ droplets per cubic 
centimeter.^"'^' Based on a conservative estimate of the eth- 
anol droplet size (0.1 yum) and the experimental conditions 
of this investigation, a representative Stokes number for the 
current study is 0.06, which indicates that the droplets should 
possess adequate response characteristics to effectively mark 
the flow.^"' 

The double-pulsed illumination of the ethanol fog was 
accompUshed using two Nd:YAG frequency-doubled lasers, 
both providing a nominal energy of 200 mJ per pulse at a 
wavelength of 532 nm. Each pulse had a temporal duration 
of ^proximately 5 ns which is sufficiently short to freeze the 
droplet motion. The two laser beams were combmed at a 
beam splitter to follow a single optical path consisting of 
spherical and cylindrical lenses. The initially round laser 
beams were formed into a flat sheet, possessing a waist 
thickness of approximately 250 /an and a widtii of 75 to 125 
mm, depending on the relative spacing of the cylindrical 
lenses. As shown in Fig. 3, the overlapping laser sheets were 
positioned on the mid-span plane of the test section, with a 
maximum overlap error of about 20 /mi. The scattered light 
was collected using two matched 8-bit intensified charge- 
coupled device (CCD) cameras, each camera being gated to 
its respective laser pulse. All images were focused onto 
512X 480-pixel CCD arrays using matched Micro-Nikkor 
105-mm photogr^hic lenses (set at //ll) coupled to 
27.5-mm extension rings. Image acquisition, sequencing, and 
storage were controlled by custom software and electronics. 

Precise camera registration was accomplished by intro- 
ducing bleed air and trace ethanol into the wind tunnel, 
which produced discrete ethanol droplets in the flow. By 
illuminating these individual droplets wifli a single laser 
flash and simultaneously exposing botii cameras, an in situ 
registration of the two cameras could be achieved with a 
maximum registration defect of one pixel. Furthermore, 
comparisons of droplet images on die respective CCD arrays 
allowed the fields-of-view of the two cameras to be matched 
to better than 1% of the full image size. This in situ tech- 

M2 = 2.0 

FIG. 4. Description of fields-of-view used in this study. 

nique was also used to verify that the two laser sheets over- 
lapped spatially. Precise temporal spacing of the laser pulses 
was achieved by cascading a single 5-Hz master time base 
throughout the timing circuitry; see Smith^ for details. The 
maximum pulse separation uncertainty was ±1 ns, as con- 
firmed by visually inspecting the traces of two high-speed 
photodetectors on a high-bandwidth oscilloscope. 

IV. DESCRIPTION OF EXPERIMENTS 

Hie double-pulsed side-view images were collected at 
eight flowfield positions, corresponding to Positions B, C, D, 
and E shown in Fig. 4, which is drawn to scale. Both the top 
and bottom shear layers were studied. Position A was not 
included in the double-pulsed study due to imaging difficul- 
ties related to the proximity to the base surface. However, the 
labeling of Position A is retained here to provide for consis- 
tency of presentation between this paper and previous 
publications.''^ Imaginj! locations upstream of reattachment 
(i.e.. Positions B and C) were chosen based on consideration 
of the local pressure gradient as determined from side-waU 
pressure surveys.^ Position B is in the constant-pressure 
mixing region of the free shear layer. Position C is in the 
recompression region, where embedded large-scale struc- 
tures experience an adverse pressure gradient leading up to 
reattachment. Positions B and C have been located such that 
corresponding fields-of-view in the top and bottom shear lay- 
ers involve equivalent shear layer development lengths. Po- 
sition D is located 35 mm downstream of the base plane at 
the mean reattachment point, where the top and bottom shear 
layers impinge to close the recirculation region. Position E is 
located in the draiUng wake in order to capture the effects of 
the flow acceleration as the wake develops. 

At each imaging location, the cameras were aligned with 
the shear layer so that the mean streamwise direction is hori- 
zontal in the images and the flow is from left to right Table 
I presents the locations and inclinations of the fields-of-view, 
along with estimates for the local shear layer width, Si^ca > as 
determined from the mean images.* Post-processing of the 
image pairs was performed to remove artifacts arising from 
laser reflections, dark current droplet coagulation, and spa- 
tial variations in the laser sheet profile. All images are pre- 
sented in a standard gray-scale format where white is the 
seeded freestream (high signal) and black is the warm recir- 
culation region fluid with no condensation (low signal). 
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TABLE I. Coordinates and relevant flow parameters at imaging positions. 

Imaging Distance from base Reld-of -view Shear layer width. Convective Mach 
position cofneKmm} inclination'' [degrees} ^joc^,{mm} nmcberMc.i 

Stop IS.O* -9.6i 0.2 1.95±0.05 1.37 
t-top 30.0" -5.6 2.35 1.25 
D^ 35.0 0.0 2.77 1.12 
E.OP 50.0 11.2 3.98"= 0.74 

K,^ 15.0* 22.2 1.84 1.37 
QnODin 30.0* 19.3 2.20 1.25 
I^booom 35.0 13.7 2.56 1.12 
EtKWwn 50.0 7.5 4.27' 0.74 

'Measured along shear layer path. 
■■Measured widi respect to test section floor. Positive angles denote an upward inclination. 
°An estimate for the wake half-width is used. 

Typical signal-to-noise ratios, defined here as the mean sig- 
nal level divided by the detector's noise floor, were approxi- 
mately 20. 

Double-pulsed side-view visualizations were performed 
at each of the eight imaging locations using four different 
time delays in order to characterize the structural evolution 
over increasingly long pulse separations. These time delays 
were selected by considering the nondimensional parameter. 

UciT 

local 
(1) 

which provides a measure of the structures' spatial evolution 
as related to local shear layer integral scales. Note that when 
f,- equals unity, the structure is estimated to traverse one 
shear layer width in the streamwise direction. Since the con- 
vection velocity was not known a priori, it was estimated 

19,20 usmg isentropic assumptions '   as 

Uc,i = 
Uia2+1/201 

ai+a2 
(2) 

where U is the velocity and a is the speed of soimd of the 
freestreams bordering the shear layer. The subscripts "1" 
and "2" in Eq. (2) denote the high-speed and low-speed 
sides of the shear layer, respectively, and the subscript "i" 
denotes the theoretical isentropic case. Based on an isentro- 
pic prediction for the convection velocity and the local shear 
layer thickness derived from the single-pulsed experiments,' 
the four time delays at each imaging location were selected 
to correspond to ?, values of approximately 0.5, 1.0, 1.5, and 
2.0. 

The nominal flow conditions for the double-pulsed visu- 
alizations are identical to those for the single-pulsed experi- 
ments that have been presented elsewhere.' The Mach 2.5 
(584 m/s) and Mach 2.0 (524 m/s) streams geometrically 
separate at the base comers and expand to approximately 
Mach 3.0 (620 m/s), forming the high-speed side of the two 
shear layers. The velocity boundary condition on the low- 
speed side of the shear layers is derived from previous laser 
Doppler velocimeter (LDV) data taken along the 
recirculation-zone/wake center line.^' The convective Mach 
number, which quantifies the compressibility level, "•^*' has 
also been computed at each imaging location and is pre- 
sented as the last column in Table I. Prior to reattachment, 

the convective Mach number corresponds to highly com- 
pressible conditions (i.e., Af ^,«1.3). Subsequent to reattach- 
ment, the convective Mach number decreases from super- 
sonic (Mf ,««1.1) to subsonic values (M<.,,««0.7), indicating 
a reduction of compressibility as the wake develops. Along 
the initial portions of the top and bottom free shear layers, 
the unit Reynolds number, velocity ratio, and density ratio 
are approximately 37 X10* per meter, 0.21, and 0.37, respec- 
tively. 

V. RESULTS AND DISCUSSION 

Figure 5 is a composite of two time-uncorrelated side- 
view Mie scattering visualizations to illustrate the gross fea- 
tures of the entire near-wake region. For reference, the mean 
reattachment point is located approximately 1.4 base heights 
downstream of the base. As discussed elsewhere'"^ and as 
shown in Fig. 5, this flowfield is characterized by the i»es- 
ence of embedded large-scale structures, which usually dis- 
play an inclined elUptical shape with long filamentlike braids 
connecting the highly strained cores. These structures' spa- 
tial features are consistent with the observations of other re- 
searchers for moderate and highly compressible shear 
layers.^""''"'*-^-^'^'End-view images (not shown) confirm 
the strong three-dimensionality of the eddies. Individual 
compression waves that coalesce to form the global recom- 
pression shocks can also be seen in Fig. 5. These individual 
waves will be discussed further in conjunction with the de- 
tailed images presented below. 

Figure 5 clearly shows that reevaporation of the con- 
densed ethanol droplets occurs in the recirculation region. 
Since the absence or presence of condensed ethanol droplets 

FIG. 5. Mie scattering visualization of entire near-wake region. 
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forms the basis of the Mie scatteiing visualization technique 
used in this investigation, a detailed thennodynamic evalua- 
tion was perfoimed to predict the onset of recondensation, 
and to characterize what effect, if any, the recondensation 
process may have on image inteipretation and statistical 
analyses. The saturation state of the ethanol was determined 
by computing the vapor pressure and saturation pressure of 
the ethanol throughout the near-wake region. Recondensa- 
tion was conservatively assumed to occur through an equi- 
librium process (i.e., saturation ratio of unity). As presented 
elsewhere,** these thennodynamic calculations indicated that 
all fields-of-view used in the present study were well up- 
stream of the estimated recondensation site. Based on these 
calculations and examinations of the instantaneous visualiza- 
tions, the Mie scattering technique used here appears to pro- 
duce faithful visual and statistical representations of the 
shear layers without significant corruption from recondensa- 
tion effects. 

A. Instantaneous image-pairs 

Only the instantaneous image-pairs from the top shear 
layer locations will be presented here since no significant 
differences in structural evolution between corresponding 
top and bottom imaging locations were detected. As dis- 
cussed by Qemens and Mungal,^ the visualization diagnostic 
employed in the present study highlights shear layer motions 
that bring pure high-speed fluid (i.e., high signal intensity) 
next to pure low-speed fluid (i.e., low signal intensity); there- 
fore, the braids between neighboring structures, not the eddy 
cores, are preferentially emphasized in the following images. 
Braids appear in the images as thin regions characterized by 
large signal gradients. The cores of large-scale structures 
usually appear as signal organizations that possess a spatial 
extent on the order of the local shear layer thickness. The 
local shear layer thickness, d|ocai> ^ presented in the image 
margins as a measure of the relevant length scale. The cores, 
which often dominate the shear layer interface, are fire- 
quendy characterized by a quasielliptical geometry that is 
inclined toward the streamwise direction. As an aid to dis- 
cussion, tags have been placed in many of the following 
image pairs to indicate cores and braids, especially if they 
are discussed in detail. 

It is important to note that a small component of the 
structure evolution observed in the time-correlated images 
could consist of the structure moving spanwise into or out of 
the plane of visuaUzation. For the convective Mach number 
conditions of the present shear layers (Mc«1.3), three- 
dimensional instability modes are expected to be active in 
the shear layer dynamics.'^"'' These three-dimensional insta- 
bilities may manifest themselves as structures that are ob- 
Uquely aUgned to the streamwise direction; therefore, se- 
quential images in the streamwise-transverse plane may 
sample different parts of the same structure if oblique mo- 
tions occur. Depending upon the structure's geometry, se- 
quential images of the same structure may appear uncorre- 
lated, even though the structure is, in fact, coherent in an 
oblique plane. However, the large streamwise convection ve- 
locity magnitude and the short time delays between image 
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FIG. 6. Side-view image-paiis at Position B^p: T= 2.50 /is, T,=0.43 (image 
dimensions are 3.9 by 11.6 mm). 

acquisitions should minimize the influence of any oblique 
motions in the present study. 

Figure 6 presents two image-pairs obtained at Position 
B^p, in the constant-pressure portion of the shear layer, for a 
time separation of 2.50/U,S(T,=0.43). For this short time de- 
lay, the inclined, elliptical structures are seen to convect in 
the streamwise direction with very litfle apparent rotation or 
deformation. The structiues in the initial images are easily 
identified with their counterparts in the delayed images, in- 
dicating that the coherent motions have retained their spatial 
organization during this short pulse separation. For a similar 
nondimensional time delay of f,■=0.53(11.65/is), Mahade- 
van and Loth'* also noted that coherent structures could be 
easily tracked in an Mc=0.75 nitrogen/air shear layer. 

Figure 7 illustrates the structural evolution at B,op for a 
time delay of 4.70/is(T,=0.81). In contirast to the nearly 
frozen features seen in Fig. 6, some stiuctural deformation is 
now evident. In Fig. 7(a), the small-scale structures residing 
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FIG. 7. Side-view image-paiis at Position B,„p: T=4.70/ts, Ti=0.81 (image 
dimensions are 3.9 by 11.6 mm). 
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on the periphery of the indicated eddy appear to degrade as 
the main structure convects downstream. When comparing 
the initial and delayed images of Fig. 7(a), this small-scale 
structure degradation effectively distorts the appearance of 
the parent structure. The large-scale motions at B,,^ also ap- 
pear to evolve by rotatmg in a clockwise sense about the 
middle of the shear layer, and in doing so, increase in size 
and eccentricity; see the indicated core in Fig. 7(b). The 
clockwise rotation magnitude seen in Fig. 7(b) is estimated 
to be approximately 8 deg, as determined by thresholding 
this image-pair (to accentuate the eddy boundary) and then 
comparing the inclinations of the initial and delayed struc- 
tures. Similar measurements using other image-pairs ob- 
tained at Stop and f,~0.81 (not shown) indicate comparable 
clockwise rotations of the eddies. This rotation toward the 
streamwise direction and elongation of the structure's shape 
appear to be the dominant evolution feature at B,op, and is 
consistent with the observations of other time-correlated im- 
aging studies of large-scale structures in two-stream com- 
pressible shear layers.^''*'^*'^ However, structures imaged at 
Btop (and at the other positions studied) occasionally exhibit 
a counterclockwise rotation, thereby increasing their struc- 
ture angle during the time delay. Ramaswamy etaL^ also 
observed some structures in an Mc=0.75 nitrogen/air shear 
layer to rotate ^preciably in the counterclockwise direction, 
but only for their overexpanded test cases. 

At low to moderate levels of compressibility, Elliott 
et al.^ observed, using a double-pulsed technique similar to 
the present study, that the formation of the large-scale struc- 
tures in an Mf=0.51 shear layer could be visually associated 
with the roll-up of a Kelvin-Helmholtz instability wave. 
When the compressibility of their shear layer was increased 
to Mc=0.S6, however, the structures displayed a lack of 
clear dependence on any instability mechanisms. In the 
present study, for which the compressibility is extremely 
high (Mc,,'«1.3), there are no conclusive indications fix)m 
the image-pairs in Figs. 6 or 7, or any other image-pairs in 
this study, directly linking the structure formation with a 
specific instability roll-up. Instead, it appears that the insta- 
bility waves simply convect downstream. This is not to im- 
ply that the structures in this separated base flow did not 
form   from   underlying   instabilities,   since   it   is   well- 
established that large-scale structures in supersonic shear 
layers are the manifestation of instability waves that form 
early in the shear layer.^'"^' Rather, the present image data 
support the findings of previous visualization studies which 
suggest that as the convective Mach number increases, the 
formation of organized structures becomes much more com- 
plicated than the simple roll-up of two-dimensional instabil- 
ity waves.^'*"' The transition of the structures from a prima- 
rily    two-dimensional    spanwise   organization    at   low 
compressibiUty to complex three-dimensional eddies at high 
compressibility is most likely due to the increasing influence 
of oblique instabilities,'^"'' which are not easily visualized. 

Recently, studies using visualization techniques capable 
of capturing time-correlated images have shown that rota- 
tional pairing, which is a distinct feature of shear layers at 
low compressibility levels,'^^*'^' is impeded as the com- 
pressibility of the shear layer increases.'"^"'''* Beyond a con- 
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FIG. 8. Side-view image-paiis at Position B^p: T=7.05 /IS, T|= 1.21 (image 
dimensions are 3.9 by 11.6 mm). 

vective Mach number of about 0.75, rotational pairing is 
virtually nonexistent. Visual examination of the ensemble of 
image-pairs at B(op, as well as at the other positions studied 
here, did not reveal any obvious examples of pairing. For all 
the time delays employed in the present study, the relative 
spacing between adjacent eddies seemed to remain fairly 
constant between initial and delayed images, which would 
preclude any type of merging process: rotational pairing, 
slapping,"'** or pre-pairing.* The apparent lack of ttaditional 
pairing events in the present study is probably related to the 
compressibility level and its influence on the acoustic inter- 
actions within the shear layer.'^'^' It should be noted that the 
absence of any obvious pairing-type events in the present 
study does not necessary preclude the presence of eddy 
mergings. The short convection distances (typically less than 
2^ocai) used in this study may not allow sufficient stream- 
wise evolution to produce discernible eddy mergings. Fur- 
thermore, it is difficult to identify pairing events from just 
two time-correlated images, especially when the structure in- 
teractions may be complex and/or difficult to visualize. 

Figure 8 presents two time-correlated image-pairs at B^ 
for a time delay of 7.05ytts(?,= 1.21). The correspondence 
between the initial and delayed images has become some- 
what tenuous, as evidenced by die difficulty in tracking spe- 
cific structures. Often, structures can be identified in the ini- 
tial image, but are not easily seen in the delayed image. For 
a time delay of 9.40/is(f,= 1.61), time-correlated image- 
pairs at B,,^ (not shown) exhibit almost no correspondence 
between the initial and delayed images. It is difficult to de- 
fine a precise eddy lifetime at B,,^; however, the rapid struc- 
tural breakdown with increasing time delay would suggest 
that the structures at B,op have a limited temporal coherence 
of the order of ^ocai^f^c (i-^-. ^^i)- 

Previous studies of two-stream shear layers have found 
an inverse relationship between the compressibility of the 
shear layer and the temporal coherence of the embedded 
structures. As the convective Mach number is increased, the 
large-scale structures appear to exhibit shorter lifetunes. El- 
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FIG. 9. Side-view image-paiis at Position 0^: T=2.75 /ts, T,=0.42 (image 
dimensions are 4.7 by 11.6 mm). 
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FIG. 10. Side-view image-pairs at Position C^p^ T=6.27 /IS, Ti=0.96 (im- 
age dimensions aie 4.7 by 11.6 nun). 

liott eteU.,^ using a double-pulsed technique similar to the 
present study, found that the large-scale structures in an 
Mc=0.51 shear layer could easily be tracked for time delays 
as large as ?,= 1.71(92.6/ts). However, when the compress- 
ibility of their shear layer was increased to Mc=0.86, con- 
siderable difficulties in tracking structures between initial 
and delayed images were reported for time delays of f,- 
= 1.18(45 fis). For delays of T,= 1.71(65 fis), Elliott et al^ 
stated that most large-scale structures had become essentially 
impossible to track at M<.=0.86. With consideration of El- 
liott et a/.'s* findings and the highly compressible conditions 
(Mc,«1.3) of the present shear layer, it is therefore not 
surprising that the structures at B^p exhibit a temporal coher- 
ence which is insufficient for the eddies to retain their iden- 
tities beyond ?,«* 1.25. The highly compressible conditions at 
recompression (Mc,,= 1.25) and reattachment (Mc,,= 1.12) 
also promote a breakdown in structure identity beyond r,- 
«1.25. 

Since little additional information concerning the evolu- 
tion (if the large-scale structures is available from the double- 
pulsed images of the shear layers for time delays exceeding 
T,"* 1.0, only data for ?,»0.5 and ?,«1.0 will be presented 
and/or discussed for locations C,,^ and D,op. As will be dis- 
cussed later, the reduced compressibility in the wake region 
(M(,,=0.74) results in structures that can be tracked for 
longer time delays than in the shear layers; therefore, double- 
pulsed image data at E^jp will be presented for time delays as 
long as f,«*1.5. 

Double-pulsed images obtained at Qop in the recompres- 
sion region are shown in Fig. 9. For a time delay of 
2.75 /is(f,=0.42), the large-scale structures are seen to con- 
vect downstream without appreciable deformation. However, 
the small-scale structures residing on the cores do exhibit 
significant evolution, which is not surprising when consider- 

ing that an eddy's lifetime is related to its spatial extent. The 
2.75-fts delay shown in Fig. 9 spans a much greater fraction 
of the small-scale structure's lifetime than that of die large- 
scale structure's lifetime, zuid, hence, more evolution is no- 
ticeable. Both Elliott et al.^ and Poggie and Smits,^ in their 
double-pulsed visualization of two-stream compressible 
shear layers, have also reported similar occurrences of atten- 
dant small-scale structures evolving rapidly on the edges of 
large-scale motions. 

Figure 10 presents two time-correlated image-pairs at 
Position C^ for a time delay of 6.27 yu.s(T,=0.96). In Fig. 
10(a), the indicated structure is seen to translate dovrastream, 
during which time a pronounced clockwise rotation occurs. 
Additionally, the structure is seen to flatten and degrade in 
organization. Note that the indicated core in Fig. 10(a) is 
initially distinct; however, the delayed image shows that the 
core appears nearly pinched off by its downstream braid. The 
evolution of the large-scale structures c^tured in Fig. 10(b) 
seems to consist primarily of convection, similar to the visu- 
alizations obtained at Qop for the shorter time delay of 2.75 
fis (Fig. 9). Some evolution of the smaller-scale motions is 
clearly discernible, particularly that of the mushroom-shaped 
structure that develops at the right side of Fig. 10(b). 

Figure 11 presents two image-pairs taken at the mean 
reattachment point (Position D,op) with a time separation of 
3.50/is(T,=0.49). As was seen at earlier streamwise loca- 
tions for die shortest time delays, the primary evolution char- 
acteristic appears to consist of translation in the streamwise 
direction. A smaller structure on the left side of Fig. 11(b) 
does seem to elongate while rotating clockwise, as was seen 
for other structures at Positions B,op and Qop- Therefore, the 
elongation and rotation mechanisms are clearly not pre- 
cluded by the reattachment process. The thin braid separating 
the two structures on the left side of Fig. 11(b) also s^pears 
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FIG. 11. Side-view image-paiis at Position D^: T=3.S0/us, T|=0.49 (im- 
age dimensions are 5.5 by 11.6 mm). 

to degrade during the time delay, which may be indicative of 
eddy merging via the slapping mechanism."'''** 

One motivation for this double-pulsed study was to con- 
clusively determine if the shocks seen emanating from 
within the shear layer in the single-pulsed images of this 
flowfield' (also visible in Fig. 5) convected with the struc- 
tures, or if these shocks were caused by the recompression 
process and were therefore a stationary feature of the flow. If 
the shocks convect with the structures, this would be evi- 
dence that the compression waves are the "eddy shocklets" 
discussed by Dimotakis^^ and Papamoschou.''^ Recall that 
when using the Mie scattering technique for flow visualiza- 
tion, the disturbed fluid downstream of a compression shock 
appears as a bright region (i.e., high signal intensity) in the 
image. Unfortunately, the reduced gray-scale resolution of 
the CCD cameras used in these experiments makes unam- 
biguous discernment of these shocklets difficult. However, in 
the initial images of Fig. 11, bright regions of fluid can be 
seen in the braid regions between neighboring eddies. In ad- 
dition, the bright regions appear to maintain a constant posi- 
tion relative to the corresponding structures during the time 
delay, suggesting that these regions travel with the struc- 
tures. Furthermore, single-pulsed end-view images (i.e., in 
the spanwise-transverse plane) obtained at Position D,op in- 
dicate that these bright regions are confined to the immediate 
proximity of each large-scale structure,' which establishes a 
definitive association between the eddy presence and the for- 
mation of the bright regions. Although not totally conclusive, 
this interpretation of the double-pulsed image data of Fig. 11, 
along with the results of single-pulsed end-view images, 
strongly suggests that the shocks emanating from within the 
shear layer at D,op and possibly at earher stations in the shear 
layers convect along with the structures and, in fact, are eddy 
shocklets. 

local 

.local 

.local 

.local 

FIG. 12. Side-view image-pairs at Position E^: T= 7.40/is, f,=0.87 (im- 
age dimensions are 8.0 by 11.6 mm). 

Although not shown here for conciseness, the image en- 
semble at Dtop for a time delay of 7.40/IS(T,= 1.03) illus- 
trates that the structural evolution is characterized by a trans- 
lation component and a significant amount of elongation and 
rotation. In addition to the large-scale deformation, there ap- 
pears to be considerable growth of small-scale structures 
along the periphery of the cores and braids. 

Double-pulsed images obtained at Position E^^ (in the 
trailing wake) are shown in Fig. 12 for a time delay of 
7.40/is(?,=0.87). Note that the nature of the wake makes 
estimates of C/^ ,• and <5|oca] in this region difficult; therefore, 
the computed value of ?,• may be less representative of the 
local flow conditions than for earlier positions in the shear 
layers or at reattachment. The evolution of the structures at 
E,op differs from that observed at earlier locations in that the 
structures prior to wake formation usually display some no- 
ticeable deformation after a nondimensional time exceeding 
f,«0.5. However, for the time delay presented in Fig. 12, the 
large-scale structures seem to convect downstream without a 
significant amount of deformation or rotation, even for time 
delays up to T,««1.0. Figure 13 clearly illustrates that for 
sufficiently long delays (11.10 /xs; T,= 1.30), the structures at 
E,op do exhibit some evolution through elongation and clock- 
wise rotation. This persistence of structure identity at longer 
dimensionless time delays is indicative of a stronger tempo- 
ral coherence than was seen at earlier stations of the shear 
layer, probably due to the reduced compressibility in the 
wake. Recall that the convective Mach number at E,op is 
approximately Mc,i=0J4, which is significantly less than 
the typical A/^ ,= 1.3 value of the shear layers prior to reat- 
tachment. 

local 

local 

local 

local 

FIG. 13. Side-view image-pairs at Position E,„p: T=11.10Ats, f,= 1.30 (im- 
age dimensions are 8.0 by 11.6 mm). 
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The {^parent increase in temporal coherence of the 
structures at E,gp is consistent with the conclusions of 
Samimy et al-'s'^^fast-response pressure transducer study of 
Me=0.51 and Mc=0.S6 shear layers. They found that for 
the lower convective Mach number case, the peak frequency 
of the streamwise coherence function was better defined as 
compared to the higher compressibility case, indicating a 
stronger temporal coherence of structures at Afc=0.51. El- 
liott et aL^ also concluded from double-pulsed images and 
space-time statistics of Samimy etal's" shear layers that 
increasing compressibility correlated with a reduction in 
temporal coherence. 

B. Convection velocity of large-scale structures 

Since the double-pulsed technique captures a structure at 
two spatial locations at two points in time, the convection 
velocity can be computed by dividing the structure's travel 
distance by the time delay between pulses. Experimental in- 
vestigations have indicated that, at moderate to high levels of 
compressibility, large-scale structures deviate from the isen- 
tropic prediction for convection velocity,^*''^ which may 
have profound effects on entrainment and mixing 
mechanisms.*^**'*' Convection velocity dynamics are also an 
important factor in characterizing the acoustic properties of 
supersonic jets.**'*' 

In the present study, a fully automated cross-correlation 
procedure is used to determine the convection distance of 
large-scale structures during the image acquisition time de- 
lay. A thorough description of this experimental and compu- 
tational procedure is presented elsewhere.** Briefly, the basis 
of the algorithm involves cross-correlating a rectangular sub- 
image (the pattern) from the initial image with a rectangular 
subimage (the target) from the delayed image for a range of 
displacements. This cross-correlation can be expressed math- 
ematically as 

R(^x,T) 

~ 2„x„/nns,,Uref.>'ref.02„x„/tms,rf(jC«f+A^.3'ref'^+'-) ' 

(3) 

where the subscripts i and d denote the initial and delayed 
images, respectively, and ris the temporal separation of the 
initial and delayed images. The spatial separation of the pat- 
tern and target subimages is represented by Ax. The pattern 
and target subimages are equally sized, with image dimen- 
sions ofmxn pixels (width and height, respectively). Note 
that the fluctuatmg initial and delayed images (i.e., the mean 
has been previously subtracted) are correlated and then nor- 
malized by both initial and delayed root-mean-square (rms) 
quantities. The cross-correlation coefficient, R(AX,T), peaks 
when the target subimage contains the eddy identified in the 
pattern subimage, thereby indicating the travel distance, 
AjCpeak. of the structure during the time delay. The convec- 
tion velocity is then estimated from the simple relationship 

£/,=- 
Ax peak (4) 

The procedure used here does not rely on the manual 
selection of eddies in the initial image. Instead, the correla- 
tion center (jc„f ,y„f) is fixed at a single point in space prior 
to the correlation calculations. In die present study, the 
streamwise reference locations, A:„f, for the correlations 
were positioned as shown in Fig. 4 (see also Table I). Tlie 
transverse reference locations, y„f, were placed at the center 
of the shear layer as determined from the average image 
intensity profile at each imaging location. TUs automated 
approach for eddy selection and tracking allows for a large 
ensemble of image-pairs to be interrogated efficiendy and 
also greatly reduces the impact of interrogation subjectivity. 

Several parameters (i.e., ensemble size, subunage size, 
and time delay magnitude) must be established prior to 
evaluating the cross-correlations. These parameters were op- 
timized through a series of studies performed on the present 
flowfield; see Smith and Dutton** for a comprehensive dis- 
cussion. An ensemble size of 320 image-pairs produced 
stable mean and rms values for the convection velocity; ac- 
cordingly, 320 image-pairs were collected at each imaging 
location. The optimal subimage size, m x n, was determined 
using an approach that involved deliberately misregist^ing 
the two cameras and simultaneously exposing both CCD ar- 
rays during nominal run conditions. This technique produced 
an artificial convection of the structures, which consisted of 
translation in the absence of structural evolution or deforma- 
tion. By tracking these frozen structures using a range of 
subimage sizes, pattern and target window sizes were opti- 
mized. Accordingly, the streamwise and transverse dimen- 
sions of the subimages were selected as 45|o<ai by 2S]gcai> 
respectively, except at reattachment and in the wake, where 
the subimage sizes were selected as 25|ocai by 2^0^31 due to 
the limited image size at these downstream locations. Lastly, 
the optimal pulse separation for these convection velocity 
experiments was determined through a parametric study of 
the time delay. Longer time delays reduce the experimental 
uncertainty in the convection velocity calculation; however, 
shorter time delays limit the amount of structure evolution, 
thereby preserving the ability of the cross-correlation proce- 
dure to track a specific structure. After considering the per- 
formance of the cross-correlation technique and the convec- 
tion velocity statistics for a range of time delays, the optimal 
pulse separation for these convection velocity experiments 
was found to be approximately T,«*0.50. 

The convection velocity experiments were performed 
along the top shear layer at Positions B,op, Qop, D,^, and 
E,op to characterize the velocity of the structures during the 
initial constant-pressure portion of the shear layer, and also 
during recompression, reattachment, and wake development 
Experiments were also conducted at Positions Bbonoin *nd 
Cbottom so that the influence of the differing comer expansion 
strengths on the convection velocity could be examined. At 
each imaging location, the resulting ensemble of velocity 
realizations was first filtered to reject unphysical data, such 
as velocities below 0 and above 620 m/s (the fi:eestream 
magnitude); statistical outliers beyond a ±3a window cen- 
tered on the mean were also eliminated. Approximately 90% 
of the raw instantaneous velocity realizations were retained 
in the final velocity histogram. 
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Table n presents the convection velocities of the large- 
TABLE n. Isentiopic piedictions and experimental results for convection 
velocity. 

Imaging Uc.i Uc,^ 
position {mis) {m/s} ^c,t M,y^ Wciap 

B,„p 335 4O7±20 1.37 1.02±0.12 158+0.08 

Qop 360 327 1.25 1.41 1.15 

D«,p 387 299 1.12 1.54 0.87 

E,op 466 361 0.74 1.24 0.42 

Bboaom 335 433 1.37 0.90 1.66 

MMttom 360 384 1.25 1.13 1.32 

scale structures derived from the double-pulsed experiments 
for the six imaging positions. It should be noted that the 
measured convection velocity was found to be independent 
of the transverse reference location within the shear layers in 
all cases. At Positions B^p and Bix«,oni, the mean convection 
velocity is higher than the isentropic prediction, which is 
consistent with the observations of other researchers study- 
ing zero pressure-gradient, two-stream compressible shear 
layers (discussed in detail later). The effect of base-comer 
expansion strength on convection velocity is difBcuh to de- 
termine in the present experiments due to the ±20 m/s un- 
certainty of the measurements; however, the velocity magni- 
tude at Bbottom is approximately 25 m/s higher than at B,^, 
suggesting that the stronger expansion at the bottom base 
comer correlates with an increased translation rate of the 
large-scale stmctures. 

Further downstream in the recompression region (Posi- 
tions C,op and Cbottom). the mean convection velocity in the 
top shear layer is seen to decrease by roughly 80 m/s as 
compared to a decrease of only 50 m/s in the bottom shear 
layer. The larger deceleration of the structures at C,^ may be 
related to the strength of the pressure-gradient that they en- 
counter. The top shear layer experiences an adverse pressure- 
gradient which is s^proximately 25% stronger than in the 
bottom shear layer.^' Therefore, it is not surprising that the 
structures in the top shear layer must expend additional ki- 
netic energy (i.e., decelerate) to traverse the recompression 
region. The isentropic predictions for convection velocity at 
Positions C,op and Cbonom are approximately 10% above and 
below, respectively, the measured values at these locations. 
It should be noted that the isentropic theory contains no 
mechanism to account for the nonzero pressure-gradient en- 
vironment actually experienced at locations C,op and CboRom- 

The stmctures in the top shear layer continue to deceler- 
ate as they negotiate the near-wake region, arriving at the 
reattachment point (Position D,^) with roughly 75% of the 
velocity measured at B,op. Immediately downstream of reat- 
tachment, the mean flow begins to accelerate as the wake 
region is formed. Accordingly, the convection velocity also 
exhibits a rapid acceleration of approximately 60 m/s over 
the 15 nun separating Positions D,op and E,op. As was seen 
for Positions C,op and D^p, the measured convection velocity 
at E,(,p is considerably below the isentropic prediction, 
which, again, is due to the inability of the theory to account 
for the adverse pressure-gradient experienced by the struc- 
tures in- this region. 

When the convection velocity of the structures in a ho- 
mogeneous shear layer (i.e., y, = 72) deviates from the isen- 
tropic prediction, the convective Mach numbers with respeci 
to each stream are no longer equal, that is 

where 

Mci=—-    and Mc2=— . 

(5] 

(6) 

As mentioned earlier, previous time-correlated visualizations 
have shown that the large-scale eddies in highly compress- 
ible shear layers convect at a speed higher than the isentropic 
prediction if the shear layers are produced by combining a 
supersonic high-speed stream and a subsonic low-speed 
stream.''*'^'"^'^* For the case in which the convection ve- 
locity tends toward the high-speed stream velocity, A/^z is 
therefore larger than M^,. Several researchers have also 
found that for supersonic/supersonic freestream combina- 
tions, the large-scale eddies within the shear layer convect at 
a speed below the isentropic estimate, favoring the low- 
speed stream velocity and resulting in Af <., being larger than 
Mc2 .'•^••^"" This observed affinity for the organized mo- 
tions to convect at a velocity closer to one of the freestream 
values may be related to the activity of central and outer (i.e., 
fast and slow) instability modes.*' As the compressibility of 
the shear layer increases, the outer modes become increas- 
ingly influential on the shear layer stmcture, possibly biasing 
the convection velocity toward the most dominant outer 
mode. At sufficiently high levels of compressibility, the most 
dominant outer mode may correspond to either the slow or 
fast side of the shear layer, depending on the density ratio. 

The shear layers in the present study are comprised of a 
supersonic/subsonic combination at all of the imaging loca- 
tions, since the recirculation and wake core flow region is 
always subsonic. As just discussed. Table H indicates that 
the large-scale structures at Positions B,op and Bbottom in the 
constant-pressure region convect at a speed higher than the 
isentropic prediction, such that M^z is greater than M^i at 
these positions. This behavior parallels the studies of other 
highly     compressible     zero     pressure-gradient     shear 
layers.'-'*'^'"^* For the shear layer conditions at Positions 
B^p and Bbo^on, (Mc= 1.4; density ratio=0.4). Day et a/.'s'*' 
Unear stabiUty analysis predicts that the central instabiUty 
mode will be three dimensional and dominant, but also that 
the fast outer mode has appreciable strength while the slow 
outer mode is fairly weak. The observed convection velocity 
characteristics at Positions B,op and Bbottom support the hy- 
pothesis that the fast outer mode is responsible for biasing 
the convection velocity of the large-scale stmctures away 
from the isentropic prediction and toward the fast stream 
velocity. 

Figure 14 presents the relationship between M^x and 
Mc2 for the available shear layer studies using supersonic/ 
subsonic freestream combinations in which the convection 
velocity was calculated based on time-correlated visualiza- 
tions. Figure 14 is very effective in illustrating that Af^, is 
less than M^t for moderate to high levels of compressibility. 
The two data points from Elliott et al.^ which correspond to 
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FIG. 14. Compilation of experimental and tfaeoietica] convective Mach 
numbers for shear layers produced using supersonic/subsonic fieestieam 
combinations. 

Af ci being greater than M^. naay be the result of the cross- 
coirelation procedure employed by these authois to obtain 
the mean convection velocity. Elliott etcd.,^ used vertical 
hnes, each one pixel wide, for their cross-correlation proce- 
dure. As discussed by Papamoschou and Bunyajitradulya,' it 
is conceivable that Elliott et al's^ one-dimensional approach 
to identifying two-dimensional structures could be less reli- 
able than a two-dimensional search algorithm, as employed 
here. 

The convection velocity measurements at Qop' Cbottom. 
Dtop, and E,op are also included in Fig. 14. These four flow- 
field positions involve nonzero pressure-gradients; therefore, 
the isentropic model employed at B,op and Bbo„om is not ex- 
pected to be a good predictor of the convection velocity. The 
measured convection velocities at Qop and Cbottom are less 
than and greater than the isentropic prediction, respectively. 
Accordingly, Table II shows that Md is larger than Mc2 at 
C,op and less than M^z at Cbottom- As stated earlier, it is 
believed that the stronger recompression of the top shear 
layer is responsible for the slower structures at Qop as com- 
pared to Cbonom- Table U also indicates that the convection 
velocities at Dtop and E,op are far below the corresponding 
isentropic values, and Fig. 14 shows the appreciable inequal- 
ity of Mci and Mc2 at these flowfield locations. For example, 
at D(op, Af ci and Mc2 are approximately 1.5 and 0.9, respec- 
tively, which indicates that the structures at D^p move super- 
sonically with respect to the high-speed freestream but move 
subsonically with respect to the low-speed stream. The high- 
speed side of the shear layer may flierefore support eddy 
shocklets; however, on the low-speed side, no wave mecha- 
nisms are expected. Evidence of potential eddy shocklets in 
the high-speed stream at D,op was presented in Fig. 11. 

VI. CONCLUSrONS 

The double-pulsed visualizations presented here illus- 
trate the instantaneous evolution of the large-scale structures 
embedded within the shear layers, at reattachment, and in the 
trailing wake of a supersonic planar base flow. For time de- 
lays considerably less than the representative eddy roll-over 
time, the structures' motion consisted of simple translation in 
the streamwise direction, with no ^preciable deformation or 
rotation. However, smaller-scale structures residing on the 
large-scale motions were observed to evolve significandy, 
even for the shortest time delays employed in this study. At 
longer time delays of approximately one eddy roll-over time, 
structure evolution in addition to convection was readUy dis- 
cernible. The predominant evolution characteristic of the 
structures appeared to be an elongation and clockwise rota- 
tion as they convected downstream. Time delays exceeding 
one eddy roll-over time generally resulted in structures 
which had evolved sufficiently to preclude determination of 
a definite correspondence between the initial and the delayed 
images. The rapid breakdown in structure identity, in some 
cases even for short time separations, is indicative of the 
structures' poor temporal coherence and is indicative of the 
highly compressible conditions in the shear layers. The struc- 
tures observed in the wake region, where the compressibility 
is significandy less than upstream of reattachment, however, 
demonstrated a greater icmporal coherence and could be con- 
fidenfly tracked for longer nondimensional time delays. The 
highly compressible environment of the shear layers is also 
believed to be responsible for the absence of visualizations 
clearly indicating vortex amalgamations such as pairing. The 
limited contrast and spatial resolution of the present imaging 
system make a conclusive declaration of the eddy shocklet 
generation mechanisms difficult; however, the time- 
correlated images do seem to support the contention that the 
shocks emanating from within the shear layer are linked to 
the obstruction caused by large-scale structures projecting 
into the supersonic freestream flow. 

Convection velocity measurements, using 320 realiza- 
tions, highlighted some of the similarities and differences 
between the shear layers in the present study and the tradi- 
tional two-stream mixing layer. Near the base in the 
constant-pressure region, the measured convection velocities 
indicated that the strucnires travel at a velocity well above 
the isentropic prediction, in agreement with the observations 
of previous studies of highly compressible shear layers. The 
relative strength of the comer expansions did not appear to 
have a significant influence on the magnitude of the convec- 
tion velocity immediately after separation. During recom- 
pression, the adverse pressure-gradient is believed to be re- 
sponsible for the deceleration of the structures prior to 
reattachment. The structures were measured to decelerate 
much more in the top shear layer, where the adverse 
pressure-gradient is stronger than in the bottom shear layer. 
Downstream of reattachment, the large-scale structures were 
seen to accelerate, paralleling the acceleration of the mean 
flow along the wake center line. 
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The separation process in plume-indnced, boundary-layer separated flowflelds was found to lie unsteady. Two in 
situ, fast-response pressure transducers were used to make individually and simultaneously sampled wall pressure 
fluctuation measurements over tlie intomlttent region of separation SIMCIC wave motion. A conditional analysis 
technique was applied to flie pressure-time histories, and statistical methods were then used to analyze the period, 
fluency, and vdodty ensembles of the sliock motion. The mean fluencies of tids motion ranged between 
1300 and 1500 Hz over the bitermittent region, and the most probable shock wave frequencies occurred between 
1 and 4 IEHZ over this region. The maximum zero^rossing fi«quency of the shock wave motion was approzbnately 
500-600 Hz. The mean (appnnfanatcly 3J% of the frcestream velocity) and most probable (approximately 6% 
of the freestream velocity) shock wave velocities in either direction were found to be essentially constant over the 
intermittent region. These results are compared to tliose for shock wavc/boundaiy-iayer biteractions caused by 
solid protruberanccs. 

Introduction 
PLUME-INDUCED boundaiy-layer separation (PIBLS) is an 

important phenomenon that can adversely affect the aerody- 
namic and heat transfer characteristics of rockets and missiles. It 
occurs when the blockage caused by a highly underexpanded jet 
plume causes the afterbody boundary layer to separate upstream of 
die base comer. The only known previous investigations of the sep- 
aration shock dynamics in a PIBLS flow utiUzed a cone-cylinder 
model that was wall mounted in a supersonic (M=2.5-3.5) wind 
tunnel.''^ A secondary ah* jet at Mach 2.94 was injected into die 
freestream at a 74-deg angle widi respect to die model axis near 
die afl end Sdilieren movies showed die length of die mtermit- 
tent region associated widi the separation shock motion to be on 
die order of a few boimdaiy-layer thicknesses. Limited time-series 
analyses of measurements made widi a sparsely distributed set of 
fast-response pressure ti'ansducers were performed. A power spec- 
trum computed fiom one pressure-time history showed diat most 
of die energy of the pressure fluctuations associated with the shock 
motion was contain«l below 1 kHz. No conditional analyses of die 
pressure fluctuation measurements were reported 

Our studies in a supersonic wind-tunnel facility used to produce 
PIBLS have also shown die separation process to be unsteady.^-^ The 
separation shock wave was observed to translate randomly in die 
streamwise direction over a distance of several incoming boundary- 
layer thicknesses. Wall static pressure fluctuation measurements 
were made in the intermittent region using two flush-mounted, fast- 
response pressure transducers. Standard time-series analysis tech- 
niques were applied to die pressure-time histories obtained from 
diese pressure transducers, and the resulting statistical properties 
were used to characterize die separation shock wave motion.^ How- 
ever, because each pressure-time histoiy obtained from the inter- 
mittent region contains pressure fluctuations caused by die shock 
wave motion, as well as pressure fluctuations caused by turbulence 

Received 11 August 1998; revision received 12 March 1999; accepted for 
publication 30 March 1999. Copyright © 1999 by die American Institute of 
Aeronautics and Astronautics, hic. All rights reserved. 

'Research Engineer. 
^W. Giaflon and Lillian B. H^ldns Professor, Department of Mechanical 

and Indnstrial Engineering. 
'Professor Emeritus, Department of Mechanical and Industrial En^- 

in both the incoming boundary layer and the downstream separated 
region, it can he difficult to differentiate between effects caused 
by these two pressure flucmation sources. In fact, the turbulence 
pressure fluctuations can entirely mask the effect of shock motion 
pressure flucmations in some statistical propeities. For example, the 
convection velocities of the shock wave motion could not be calcu- 
lated from cross-correlation estimates because no convection times 
corresponding to the shock wave motions were found to exist in 
these estimates.^ To isolate die pressure fluctuations caused by the 
shock motion from diose caused by turbulence and dien to analyze 
only those pressure fluctuations causedby the shock motion,acondi- 
tional analysis algorithm was applied to the pressure-time histories. 
The results obtained from con^tionally analyzing the pressure fluc- 
tuation measurements made across die intermittent region of PIBLS 
flowflelds are the subject of this paper. 

The conditional analysis algoritimi employed was the two-dires- 
holdmediodbox-car conversion technique CITMBCQdiat has been 
developedby Dolling andNarlo,' Brusniak,^ Dolling and Brusniak," 
and Erengil and Dolling.' The TTMBCX: algoridim has been used to 
successfldly calculate the unsteady diaracteristics of the separation 
shock wave motion m several shock wave/tuibulent boundiuy-layer 
interaction (SWBLI) flowflelds produced by solid promberances. 
Specifically, die zero-crossing frequency disbibutions across the 
intermittent region and die probability density function (PDF) esti- 
mates of the periods, frequencies, and velocities of the ^ock wave 
motions across die intermittent region have been calculated from 
pressure fluctuation measurements made in flowflelds produced by 
compression ramps,'-"* circular cylindere," and hemicylindric^ 
blunt fins."-" 

These studies have shown that the zero-crossing frequency fc 
i.e., the average number of times per second that the shock wave 
unidirectionally crosses apressure transducer, along the line of sym- 
metry upstream of the cylinders and fins appeared to be distributed 
parabolically over the lengdi of the intermittent region and reached 
a maximum value near an intermittency of 50%. For the circular 
cylinders," /emu ranged between 0.9 and 1.6 kHz, depending on 
the mcoming boundary-layer thickness and die cylinder diameter. 
The tirads exhibited by fe,mu for various cylinder diameters and 
boundaiy-layer thicknesses were die same trends displayed by the 
dominant center firequency in the power spectral density (PSD) esti- 
mates. For die swept hemicylindrical blunt fin experiments," /cnm 
ranged from 1,2 to 2.2 kHz as the leading-edge sweep angle in- 
/.fMaeo/l frnm fk tn A^ Amo A PFIP ,*ctifnatfk nf thik Gtin/*V uravi> T^^AHG 
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at each location across the intermittent region showed that all of the 
distributions of shock wave periods were strongly skewed toward 
shorter periods. The most probable period, which occuned some- 
where over the 0.2-0.5 xos range, depending on the intermittency, 
was always less than the mean period for each distribution. Simi- 
larly, PDF estimates of the shock wave frequencies have shown that, 
although frequencies as high as 10 kHz exist in the distributions, the 
most probable shock wave frequencies were in the 1-2 kHz range." 

From the ensembles of shock wave velocities calculated with 
the TTMBCC algorithm applied to swept hemicylindrical blunt fin, 
sharp fin, and swept compression ramp interactions, the mean and 
rms of the shock wave velocities, when nondimensionalized by die 
freestream velocity, were found to be independent of the geometry 
that produced the interaction and independent of the intermittent 
region length." This result explained die inverse relationship be- 
tween the lengdi of the intermittent region and the zero-crossing 
fiequency that was observed in several experiments. The average 
mean and rms of the shock wave velocities for these interactions 
were calculated to be 0.0304t/eo and 0.005SI/oo. respectively, in 
the upstream direction and 0.0310C/oo and 0.00S6[/oo. respectively, 
in the downstream direction, where Uoa is the freestream veloci^ 
approaching die fin or ramp. 

The investigations just mentioned have shown that conditional 
analysis of pressure-time histories obtained finm SWBLIs pro- 
duced by solid protuberances has been beneficial primarily in de- 
termining die unsteady characteristics of die separation shock wave 
motions. By ^>plying botii standard time-series analysis and con- 
ditional an^ysis techniques to the pressure-time histories obtained 
from SWBLIs, a more complete picture of die shock wave motion 
was obtained for solid boundary promberances. By applying bodi 
analysis techniques in the present PIBLS flowfield study, a more 
complete picture of the shock wave motion is also obtained for 
separation caused by a compliant aerodynamic boundary. The time- 
series results for die PIBLS flow have previously been presented 
in Ref. 5; die conditional analysis measurements are presented and 
discussed herein. 

Experimental Equipment and Procedure 
Wlnd-'niimelFBcUMy 

The experiments were conducted in a supersonic flow facility 
designed specifically to produce PIBLS flowfields. Hgure 1 presents 
a schematic of die flow facility and a cross-sectional view of die test 
section. PIBLS of the upper M=2.5 stream is caused by impinging 
it at a 40^g angle, across a 12.7-mm base height, widi die lower 
M = 1.5 sbeam The test section is two dimensional widi a constant 
width of 50.8 mm The height of die M=2.5 sbeam is also 50.8 mm 
Glass window assemblies are installed in each sidewall, allowing 
optical access to die entire PIBLS flow interaction. 

HinhPieaat Air Supply     I 

iS^^^"      CbmiamAna 

SuppoR 
Smd 

Fig. 1   Schematic of the flow facUity and PIBLS test section. 

F^ 2 Shadowgraph photograph (flashhunp pulse duration of 25 ns) 
of the near-wake region in the PIBLS wind tunnel at a JSPR of approx- 
imately 2J5. 

Filtered, dry air was supplied to die test section via two screw com- 
pressors and air storage tanks. Flow conditioning screens and honey- 
comb sections were installed in die supply lines of bodi stieams. In 
addition, die lower stieam could be dirotded using a manual valve. 
Varying die lower sOvam stagnation pressure in diis way was used to 
adjust die jet static pressure ratio [(JSPR) = /W<^/qvw] between 
die two streams and, dierefore, die mean separation location of die 
boundary layer of the upper stieam. 

Figure 2 is a shadowgra{^ photograi^i of die PIBLS flowfield 
taken at JSPR=2.35. Plume-induced separation of die upper 
stream's boundary layer and the separation shock wave are clearly 
visible. When die shadowgraph li^t source was operated contin- 
uously, die separation shodc was observed to experience unsteady 
streamwise motions at all JSPRs considered. Also visible in Fig. 2 
are die separated shear layers from bodi sti«ams, die enclosed re- 
circulation region, die recompression waves near the shear layer 
reattachment point, and the trailmg wake. 

Surfiace oil-streak visualizations (not shown here) confirmed, at 
least in a mean sense, diat there is litde or no spanwise variation in 
die separation process of die Mach 2.5 stream over die inner 60% 
or so of die flow away from die wind-tunnel walls. 

Instrumentation 
Wall pressure fluctuations in die neighborhood of die separation 

location were measured widi two Kulite* piezoresistive inessure 
transducers flush mounted in die upper wall of die center partition 
(Fig. 1). The upstream and downstream transducers were located 
19.1 and 16.5 mm upstivam of die base, respectively,on die spanwise 
center plane of die test section. The transducer diajrfu^gms had 
an active diameter of 0.71 mm and measured diaphragm natural 
frequencies of 168 and 198 kHz for die upstream and downstream 
transducers, respectively. The Q'ansducers were statically calibrated 
in situ using a Sensotec digital pressure gauge diat is accurate to 
within ±103 Pa. Amplification of die analog voltage signal from 
the transducers was carried out widi a Measurements Group* signal 
conditioning amplifier. Low-pass filtering of die amplified signals 
was performed with an active Butterworth filter circuit. The low-pass 
filters had a —3-dB cutoff frequency of 50 kHz and an attenuation 
of -36 dB/octave in die transition band. The gain and dc offset 
of each channel were adjusted before each calibration to maximize 
die signal-to-noise ratio (SNR) of die output signal. The resulting 
SNRs for the fluctuating pressure measurements were in the range 
of 15-20 for the incoming boundary layer and from 55-300 for die 
intermittent region. 

Data Acquisition 
In these experiments die two Kulite pressure bimsducers were 

mounted at fixed positions on die center partition. As a result, 
die shock wave intermittent region was moved across die ti-ans- 
ducer locations by varying die JSPR. Specifically, die shock wave 
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intermittency (fraction of time the shock is upstream of a transducer) 
was increased by increasing the lower jet stagnation pressure, and 
therefore the JSPR, from 210 to 269 kPa in increments of approxi- 
mately 3.4 kPa. Variation in the location of ttese two transducers, or 
use of additional transducers, was not possible due to the relatively 
small size of the centerpartition(Hg. 1) where the transducers were 
located. 

Both individually and simultaneously san^led pressure measure- 
ments were obtained at each JSPR. The individually sampled mea- 
surements were made at a rate of 166,667 samples/s for 24 s for each 
transducer. The simultaneously sampled transducer readings were 
obtained at 200,000 samples/s per channel for 20 s. 

Further details concerning the flow facility, instrumentation, and 
data acquisition methods may be found in Refs. 4 and 5. 

Analysis Technique 
The updated version' of the TTMBCC algorithm, developed in 

Refs. 6-9, was used in die analysis of the shock motion of the PIBLS 
flowfield. In this method each individual pressure measurement from 
agiven transducer is compared to two thresholdlevels, Thi and Thz, 
and the instantaneous shock location is then determined as either up- 
stream or dovimstream of the transducer. Hie precise time (to within 
the sampling period) at which the shock crosses upstream of the 
transducer, called the rise time, and downstream of the transducer, 
called the fall time, is determined for all shock passages in die time 
history of the pressure measurements. The resulting record of the 
shock rise and fall times is the box-car function. 

An analysis of the TTMBCC algorithm was performed widi the 
PIBLS data to evaluate the sensitivity of the zero-crossing frequency 
/, to different threshold settings. TVo discrete settings of Th i were 
used in the sensitivi^ analysis: Th\ = p^ and p^+3ap^, where 
PM is the mean pressure and a,^ is die rms of the pressure fluc- 
hiadons in the incoming boundary layer. For each of the two Thi 
settings, threshold level TAj was systematically varied according to 
Thi = pya-\-nap^, where B is an integer in the range 3<n<9. 
For each of two pressure-time histories (yi«20 and 50%), the 
TTMBCC algoiitiun was used to calculate /, at each of die 14 
unique combinations of Th\ and Thi. The results are shown in 
Fig. 3. Three main observations may be made about the sensitivity 
of fc to die two direshold levels: 1) /, decreased as tiu^hold level 
Thi increased (laiger n values) at both intermittencies regardless 
of the setting for Th\, 2) fc was larger for Thi = PM + 3<Tp^ tiian 
for TA| = ^HO at botii intermittencies regardless of die setting for 
Thi, and 3) fe was more sensitive to die direshold level settings at 
Y « 50% dian at y » 20%. The first two observations are obvious 
fix>m Fig. 3, but the last one required a separate, quantitative study,* 
whose results are not shown here for conciseness. Because the sen- 
sitivity analysis performed on the PIBLS data showed similar, albeit 
weaker, qualitative trends when compared to the sensitivity analysis 
performed on the Mach 5 circular cylinder interaction data,' it was 
concluded fliat direshold level settings of Thi=pM + 3ap^ and 
Thi = pM+6<Tp^ were also reasonable choices for conditional 
analysis of die PIBLS data. 

l,200n 
|"nij=p„+mOp^ 

g 1,000111,2 =p^+iiOp^ 

X 
—•-iii"0,T"20% 
-■-m* 3,7-20% 
"e--m = 0,y-50% 
"B"m = 3,7"50% 

Results 
After specifying die flow conditions for die experiments, results 

from the pressure transducer measurements will be presented in 
two parts: individually sampled transducer measurements and si- 
multaneously sampled transducer measurements. The individually 
sampled results were used to calculate period and frequency ensem- 
bles of die shock wave motion, and die simultaneously sampled data 
were used to calculate velocity ensembles of die shock motion. 

Flow Conditions 
The stagnation temperature of both sbeams was measured widi 

an iron-constantan diermocouple mounted in die facility plenum 
chamber and was found to be 298 K (±1.5 K). The stagnation pres- 
sure of each stream was measured witii a probe mounted up- 
stream of each nozzle block. The stagnation in^ssure of die up- 
per stieam was 503 kPa (±1.5 kPa), and its unit Reynolds number 
was 47.1 X lO'm"' (±0.5 x lO^m"'). The Mach number of diis 
freestream was determined from the stagnation pressure measure- 
ment and mean static pressure measurements made using taps lo- 
cated in die center partition and was found to be 2.50 (±0.01). The 
Mach number of the lower jet was determined in a similar manner 
tobe 1.51 (±0.01). 

Velocity measurements were made in the upper stream along a 
vertical traverse 30 mm upstream of the base using a one-component 
laser Doppler velocimeter semp. The freestream turbulence inten- 
sity was found to be less dian 0.015 (±0.0015) across die uniform 
portion of the mean profile. A wall-wake velocity profile of die 
form suggested by Sun and Childs'* was curve fit to the mean ve- 
locity measurements made in die boundary layer, and from diis fit 
die integral boundary-layer parameters were detennined (Table 1). 
These parameters agree well widi those of odier equilibrium tinbu- 
lent boundary liyers reported in the literature"'" for comparable 
Reynolds and Mach numbers. 

Individually Sampled Pressure Ihwsducer Measuranents 
Aldiou^ the JSPR was the independent variiible in die experi- 

ments, some results will be presented as a function of intermittency 
radierihan JSPR. As mentioned earlier, intermittency y is defined 
as the percentage of time the shock wave is upstream of a given 
pressure transducer and is calculated from 

Y = 
Ef,,(falU-ri5et) 

(I) fallw - risci 
where falU is die fall time associated witii die klh dovmstream shock 
wave crossing, riset is die rise time associated widi die kth upstream 
shock crossing, and N is die total number of fall times detected in 
the pressure-time history. 

A plot of intermittency vs JSPR over flie intermittent region is 
shown in Fig. 4 for bodi the upsa:eam and downstream transducers. 
For die downstream transducer.measurements, die JSPR range from 
1.95 to 2.41 spanned the intermittency range from }'=3.9 to 96.2%. 
Similarly, the upstream transducer measurements spanned the inter- 
mittent region firom y = 3.8 to 98.3% over a range of JSPR from 
2.05 to 2.49. Over this range of downstream transducer intermitten- 
cies, die shock strength, as judged by its static pressure ratio, varied 
by only ±5% about its noihinal value of 2.11. Also, widi the inter- 
mittent region length defined to exist between die y =4 and 96% 
locations, die lengdi of die intermittent region was estimated to be 
2.65o-3.aJo at JSPR = 1.95 and 5.4«o-5.55o at JSPR=2.41, where 
do=3.1 mm. 

Table 1   Incoming turbulent lioundai^-layer properties 
     in the upper stream 

Property Value 

Fig. 3   Sensitivity of the zcro<rossing frequency to the tlu«shold levels 
in tUn Tnunr'r' olonrlthm fnr tKo PIRIJ! »vnrriini>nt«. 

Boundaiy-layer diiclcness, S 3.1 mm 
Boundary-layer displacement diickness, S* 0.91 mm 
Boundaiy-layer momentum diickness, 0 025 mm 
Boundary-layer shape foctor, H^&*/0 3.71 
Wake strength parameter, n 1.58 
Skin fiictton coefficient. C/ . . 0.00131 
Fricdon velocity, Ur 20.6 m/s 
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Fig. 5   Mean period of the shocic wave motion vs intermittency 
the intermittent region of PIBLS flowfields. 

Periods o/Ae Shock Wave Motion 
The period of the ith shock wave event Tj in the box-car func- 

tion can be calculated as the difference between two consecutive 
rise times (Ti =rise/^.t — nseO or the difference between two con- 
secutive fall times (Ti s fall/^. i - fallj). For bodi cases, statistical 
techniques can be iqiplied to the ensemble of periods calculated 
from the box-car function to obtain the mean vahie, 7!., and die 
PDF of die ensemble. The distribution of mean periods over die in- 
termittent region is shown in Fig. S for die upstream and downstream 
pressure transducer measurements. At every discrete intermittency 
at which experimental measurements were acquired, the mean pe- 
riod calculated from die rise dmes was equal (to duee significant 
figures) to die mean period calculated from die foil dmes. As shown 
in Fig. 5, die mean periods computed from die upstream pressure 
transducer measurements also collapse on those determined from 
die downstiieam transducer measurements when die data are plotted 
vs intermittency. Aldiough die mean period reached relatively large 
values at both low and high intermittencies, die value of die mean 
period decreasedr^dly and was relatively constant as the midrange 
of intermittencies (20% <Y< 80%) was approached from bodi the 
low and high ranges. The distribution of mean periods reached a 
ipinimiim value at y^^ 60% where die mean period was in die range 
of 1.74-1.78 ms. 

The PDF estimates of die shock wave periods were also computed 
across die intermittent region using bodi rise times and fall times. At 
each location over die intermittent region, die PDF estimate of the 
shock wave periods conqiuted using rise times was essentially iden- 
tical in shape and magnitude to that computed using M times. This 
was die case for die t^tteam pressure transducer measurements 
as well as for die downstream transducer measurements. Because 
die evolution (in terms of die sh^ and magnitude) of diese PDF 
estimates over the intermittent region was similar for both transduc- 
ers, only die PDF estimates of die shock wave periods computed 
using die rise times from die downsdieam transducer measurements 
are ^own in Fig. 6. The PDF estimates of die shock wave periods 
computed at five approximately equally spaced values across die 
intermittency range are shown in Fig. 6. Each of die PDF estimates 
is plotted in terms of Nt /(Nm,i W) vs die shock wave period, where 
Ni is die number of shock wave periods occurring widi a value of 
TI , Ntiui is die total number of shock wave period realizations in the 

4       6 
Period (ms) 

Fig. 6   PDF cstlmatca of the shock ware periods at discrete locations 
across the intermittent region. 

box-car fimction, and H' is die interval widdi of die PDF estimate 
centered at Tj (IV s 36 ^s). The mean period of each ensemble is 
also shown (widi a solid black triangle) in each plot of Fig. 6. 

The behavior of die PDF estimates of die shock wave periods was 
simUar over die entire intermittent region of die PIBLS flowfields. 
For each intermittency. die PDF quickly reached a maximum value 
at apintiximately 0.4 ms and dien slowly decayed back to zero over 
die next 10-20 ms. depending on die intermittency. Over die low, 
e.g., V = 3.9%, and high, e.g., y =96.2%, intermittency ranges, a 
number of shock wave events had periods longer dian 10 ms, as ev- 
idenced by die amplitude of die PDF not being zero at 10 ms. Over 
die midrange of die intermittent region (20% < y < 80%), nearly 
all of die individual shock wave periods were less dian 10 ms. This 
trend explained die behavior of die mean period over die intermit- 
tent region. For the low and high intermittencies, die number of 
shock wave events widi periods longer dum 10 ms was sufficient 
to significandy increase the mean period to values well above (at 
least two or diree times larger) those found over die midrange of the 
intermittent region. 

Frequencies efthe Shade Vbve Motion 
The frequency of die ith shock wave event, //, in die box-car 

function is simply die reciprocal of die period of the idi shock wave 
event, fi = 1/7*/, and can be calculated from two consecutive rise 
tunes (// = [lisei+i -risej}"') or from two consecutive fall times 
(/(= {M(+1 — fallj}~'). For bodi cases, statistical techniques can 
be applied to die ensemble of frequencies calculated from die box- 
car fimction to obtain die mean value /;, and die PDF of die en- 
semble. The distribution of mean frequencies over die intermittent 
region is shown in Rg. 7 and was calculated using die rise times from 
the upstream and downstream transducer measurements. The mean 
frequency calculated from die rise times was slighdy larger dian diat 
calculated from die fall times at every measurement location over 
die intermittent region and for bodi the upstream and downstream 
transducer measurements. Thus, die mean finequency was more sen- 
sitive dun the mean period to temporal differences between die rise 
times and die fall times. From Fig. 7, it is seen diat die mean fre- 
quencies calculated using die upstream transducer measurements 
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Fig. 8 PDF estimates of the shock wave fl^qnendcs at discrete loca- 
tions across tiie intermittent region. 

coll^jse on those calculated from the downstream transducer mea- 
surements when the frequency data are plotted vs intennittency. The 
mean frequencies ranged between 1300 and 1400 Hz over the inter- 
mittent region from 20 to S0% and between 1400 and ISOO Hz over 
the intemiittent region from 50 to 80%. 

PDF estimates of the shock wave frequencies were made at each 
measurement location across the intermittent region using both rise 
times and fall times. At each location, the PDF computed using 
dse times was nearly identical in shape and magnitude to that com- 
puted using M times. Hiis was true for the upstream transducer 
measurements as well as for the downstream transducer measure- 
ments. Because the evolution of the PDF estimates of the shock 
wave frequencies over the intermittent region was similar for both 
transducers, only the PDFs of the shock wave frequencies computed 
using rise times from the downstream transducer measurements are 
shown in Fig. 8. 

The PDF estimates of the shock wave frequencies computed at 
the same five locations over the inteimittent region as the shock wave 
period PDFs (shown earlier in Fig. 6) are presented in Fig. 8. Because 
the interval width of each PDF estimate, W/,, was variable over 
die frequency spectrum, each PDF estimate was reported as a sim- 
ple histogram to eliminate die bias caused by Wj, on the magnitude 

wave frequency, where Ni is tiie number of shock wave frequency 
realizations occuningwitiiavalue of/{and iVnoi is the total numbo- 
of shock wave frequency realizations in the box-car fimction. The 
mean frequency of each ensemble is also shown (with a solid black 
triangle) in each plot of Fig. 8. The behavior of the shock wave 
frequency PDFs was similar at all five locations over the intermittent 
region, llie aiiq)litude of die PDF increased substantially over the 
frequency range between 100Hz and 1 kHz, reachedamost probable 
value between 1 and 4 kHz, and dien decreased back to zero again 
near 20 kHz. The mean frequency of each ensemble was less than 
die most probable frequency. 

Because the frequencies in each PDF estimate were narrowly 
spaced over the low-frequency range and widely spaced over the 
high-frequency range, a probability distribution function estimate 
was calculated for each PDF to better interpret die evolution of 
die PDFs over tiie intermittent region. When die PDF is defined 
as a simple histogram, die probability distribution fimction is die 
running sum of die PDF over die frequency range. For each PDF 
estimate shown in Fig. 8, a probability distribution function estimate 
was computed from 

fi»E^jM tool (2) 

where PI is the probability distribution function corresponding to 
//. The probability distribution function estimates of the shock 
wave fr«]uencies are shown in Fig. 9. The relative number of 
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frequency realizations that occuned between SO Hz and 1 kHz de- 
creased, whereas the relative number of frequency realizations diat 
occuned between 1 and 10 kHz increased as die yss 70% location 
was approached firom both the low and high intermittency ranges. 
Therefore, the individual frequency realizations in the ensembles 
occurred at higher frequencies as the y=70% location was ap- 
proached. This trend explained why die mean frequency increased 
as the K s70% location was approadwd frx>m the low and high 
intermittency ranges. 

It is interesting to compare die PSD estimates of the pressure 
fluctuations computed from the pressure-^me histories over the in- 
termittent regioir to the PDF and probability distribution fiinction 
estimates computed from die ensembles of shock wave frequen- 
cies. Tlie PSD estimates showed that SO-60% of die energy in die 
pressure fluctuations occurred between q>proximately SO Hz and 
1 kHz. Tlie probability distribution fimction estimates of the shock 
wave frequencies showed diat SO-60% of die shock wave events 
occuned over diis same frequency range. Thus, more dian half of 
die shock wave events, which contained more Uian half of die en- 
eigy in die power spectnmi, occurred at frequencies in this range. 
The PSD estimates showed diat die eneigy in die pressure fluctu- 
ations dropped off significandy at frequencies hi^er dian 1 kHz. 
Aldiough only 15-30% of die energy in the PSD estimates was 
contributed by pressure fluctuations in die frequency range between 
1 and 10 kHz, 40-50% of all of die shock wave frequencies oc- 
curred in diis range, including die most probable shock wave fre- 
quencies. Therefore, die most probable shock wave frequencies (in 
die 1-4 kHz range) were not the most eneigetic frequencies (usually 
below 1 kHz). 

The mean frequency over the intermittent region is not the only 
fivquency that can be calculated for the shock wave motion. The 
zero-crossing frequency of the shock wave motion, computed as the 
reciprocal of the mean period, is also of interest The distribution of 
die zero-crossing frequency over dw intermittent region is shown 
in Fig. 10 for bodi die upstream and downstream pressure trans- 
ducer measurements. The zeio-crossing frequency distribution for 
die downstream transducer measurements readied a maximum of 
S60 Hz at y <»60%. The zero-crossing frequency distribution for 
die upstream pressure transducer measurements -disphiyed an un- 
usual SO-Hz shifr near y <%«S0%, which was caused by a leak in 
die sidewall seal during die latter phases of die experiments.* Had 
die tuptiire not occurred, die upsneam pressure transducer measure- 
ments would have reached a maximum of about S20 Hz at y » 60%. 
Note diat the maximum zero-crossing frequency computed from die 
downstream pressure transducer measurements was larger than that 
computed from the upstream pressure transducer measurements. 
The physical reason for diis will become clear after discussing die 
diock wave velocity distributions in the next section. 

Simultancoudy Sanqilcd Prcsmre Ihuisdoccr Mcamcmcnis 
Because die cross-correlation estimates con^nited for each pah- of 

pressure-time histories acquired across die intermittent region did 
not detect die convection times corresponding to the shock wave 
motion in die upstream and downstream directions,*-' the convec- 
tion time associated with each pair of shock wave crossings was 
computed from die conditional analysis of each pair of i»essure- 
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Fig. 10   ZenHcrossiiig frequency ofthe shock wave motion vs intermit- 
tency acHMS the intermittent re^on of PIBLS flowflelds. 

time histories. The TTMBCC algoridun was used to convert each 
pair of pressure-time histories into a pair of box-car frmctions. An 
ensemble of convection times for die shock wave motion in die up- 
stream direction and an ensemble of convection times for motion in 
die downstream direction were formed at each JSPR by analyzing all 
of die pain of shock wave crossings in die two box-car flinctions.* 
Assuming die shock wave moves widi uniform speed and direction 
between die two (xessure fransducers, die velocities of die shock 
wave motion in die upstream and downstream directions were com- 
puted from die convection times between die two transducers and 
die transducer spacing. 

The PDF estimates of die shock wave velocities in die upstieam 
and downstream directions computed at five discrete locations over 
die intermittent region are shown in Figs. 11 and 12, respectively. 
Each of die PDFs is plotted as Ni/N^ai vs UtcdtlVoo, where Ni is 
die number of shock wave velocity realizations at velocity E/abodt< 
Nnai is die total number of realizations (in eidier direction) in each 
pair of box-car frmctions, and l/w is die freestream velocity of die 
Mach 2.5 flow (565 m/s). Whereas die behavior of die PDF estimates 
of die shock velocities m die upstream and downstieam directions 
was similar over die intermittent region, die PDFs of die upstieam 
shock velocity were less peaked and had a wider distribution dian did 
diose of die downstream shock velocity. As I/dnck/IAn increased, 
die PDF estimates quickly reached a maximum value over die ve- 
locity range of 0.04I/oa-0.08[/oo and dien slowly decayed back to 
zero again by die time die shock wave velocity reached 0.30I/oo. 

ooo   oxts  aio  OLis  020  0.2s 

Flg. 11   FDFs of the shock wave velocity hi the upstream direction 
across the intermittent regioa. 
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Fig. 12   PDFs of the diock wave velocity In the downstream direction 
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Fig. 13   Most prolnbleshod( wave velocity in the upstream and down- 
stream directions across the intermittent region. 

The most probable shock wave velocity in bodi the upstream 
and downstream directions was computed at 14 locations across the 
intennittent region and is ^wn in Fig. 13. The most probable shock 
wave velocity in eiAer direction was essentially constant over the 
intermittent region, llie average value of the most probable shock 
vrave velocities was 0.0S8I/co ± 0.010I/co in the upstream direction 
and 0.060I/oo±0.009C/oo in ^ downstream direction and, dius. 
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Fig. 14  Mean shock wave velocity in the upstream and downstream 
directions across the hitermittent region. 

The mean shock wave velocity in both the upstream and down- 
stream directions was also computed at 14 locations across the in- 
termittent region and is shown in Fig. 14. The mean shock wave 
velocity in either direction was fairly constant across the intermit- 
tent region. The average value of the mean shock wave velocity 
was 0.03SI/oo ± O.OOiUoo in the upstream direction and O.GHUca ± 
0.006t/ai, in the downstream direction. Figure 14 shows that the 
mean shock wave velocity in the upstream direction was consis- 
tendy slightiy greater than the mean shock wave velocity in the 
downstream direction over most of the intermittent region. After a 
close examination of the threshold levels used in the TTMBCC al- 
gorithm to compute the shock wave velocities, the small differences 
between the mean shock wave velocities in the two directions that 
developed over the intermittent region was believed not to be an arti- 
fact of the conditional analysis technique, but rather was most likely 
caused by die physics of the shock wave motion. The trend of the 
mean shock wave velocity in die upstream direction being increas- 
ingly greater than the mean shock wave velocity in the downstream 
direction as the JSPR (and intennittency) increased was consistent 
with the trend observed in the PDF estimates of the shock wave 
velocities in the upstream and downstream directions. As the JSPR 
increased from 1.95 to 2.41 (y=3.9 to 96.2%), more shock wave 
velocity realizations with a magnitude larger than the most proba- 
ble value occurred in the upstream direction than in the downstream 
direction. 

The conditional analysis of die two simultaneously sampled pres- 
sure transducer measurements revealed that the average mean shock 
wave velocity in either direction was sqiproximately 0.034I/oo- 
0.035I/eo. and die mean shock wave velocity was independent of 
die intennittent region length. This explains why, for the same in- 
tennittency value, the zero-crossing frequency ciilculated from the 
pressure-time history acquired with the upstream pressure trans- 
ducer was always less than die zero-crossing frequency calculated 
from the downstream transducer measurements. The length of die 
intermittent region increased from 2.6So-3.0So to 5.4-5.5^ (where 
So is the incoming boundary-layer thiclaiess) as the JSPR increased 
from 1.95 to 2.49 (Ref 4). For bodi pressure transducers to have 
die same intennittency value, die JSPR setting used for die up- 
sQ^am pressure transducer measurements was higher than that for 
die downstream transducer measurements. As a result, the intermit- 
tent region length associated with the upstream pressure transducer 
flowiield is longer than that for the downstream transducer mea- 
surement flowfield. Consequendy, because the mean shock wave 
velocity is constant across the intermittent region, the zero-crossing 
frequency must be less for the upstream pressure transducer mea- 
surements than for the downstream transducer measurements. 

Conclusion 
Aldiough die zero-crossing frequency and die mean frequency 

of die shock wave motion in the current PIBLS flowfields were 
less than the frequencies found in odier SWBUs produced by solid 
protuberances,''" die velocity characteristics of die shock wave 
motion were similar to thie velocity characteristics of die shock wave 
motion in solid protruberance SWBLI flowfields. These similarities 
included die general sh^)e of the PDF estimates of the shock wave 
vRlnririR): which wnre hi^hlv skewed toward low-sneed realizatiwis 
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relative to the freestream velocity, the most probable shock velocities 
of approximately O.OSf/oo-^- 10{/ao> and the average mean shock ve- 
locities of approximately 0.03I/oo. Although all of these similarities 
are undoubtMlly important, tta latter similarity is especially note- 
worthy. Gonsalez and Dolling" found that the average mean shock 
wave velocities in eidier direction were apixoximately 0.030C/os- 
0.031[/oo and were independent of the intermittent region length 
for swept compression ramp interactions, hemicylindrical blunt fin 
interactions, and sharp fin interactions at angles of attack. The cur- 
rent PIBLS smdy found that the average mean shock wave veloc- 
ity in either direction was approximately 0.034I/ao-0.035{/„ and 
that it was independent of the intermittent region length. Thus, the 
average mean shock wave velocities from the plume-induced in- 
teractions were essentially the same as the average mean shock 
wave velocities from the interactions produced by the three solid 
geometries. 

Although there were many similarities between the velocity 
characteristics of the shock wave motion in the PIBLS flowfields 
and those in SWBLI flowfields produced by solid geometries, a 
difference found between the two types of interactions was that 
Ae upstream mean shock velocities were greater than the down- 
stream mean shock velocities in the plume-induced interactions, 
whereas just the opposite situation was found in the solid geometry 
interactions.'"'^ A definitive explanation of this result must await 
further study. 
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Velocity Measurements in a Shock-Separated Free Shear Layer 
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Ttvo-component laser Dopplcr vclociinetry mea.surcmcnts were made in a planar, shock-separated free shear 
layer formed by the convergence or two supersonic streams past a thicic plate. High-speed wall-pressure mea- 
surements were used to locate the unsteady shock wave formed by this interaction and, consequently, facilitated 
separation of the effects of shock motion from the turbulent fluctuations in the velocity measurements of the shear 
layer. Shock-induced flow separation dramatically increases the turbulent normal and shear stresses. The shock- 
separated shear layer displays a pol^itive shear stress region between separation and reattachment. Reattachment 
produces a shift in turbulent kinetic energy from the streamwise component to the transverse component. The 
region of shock motion has a relatively constant width, irrespective of distance from the wall. 

Nomenclature 
a = speed of sound 
Cf = skin-friction coefficient 
M = Mach number 
Mc = convective Mach number 
P = pressure 
Re = Reynolds number 
U = mean streamwise velocity 
Uoo = freestream velocity 
u = instantaneous streamwise velocity 
Mr = friction velocity 
V = mean transverse velocity 
V = instantaneous transverse velocity 
X,y = nowfield streamwise and transverse coordinates 
& = shear-layer or boundary-layer thickness 
S' = boundary-layer displacement thickness 
0 = boundaiy-layer momentum thickness 
n = wake strength factor 
() = ensemble averaged 

Subscripts 

S        = shear-layer or boundary-layer thickness 
S*       = boundary-layer displacement thickness 
0        = boundary-layer momentum thickness 
1,2    = high-speed and low-speed, respectively, or upper and 

lower streams, respectively 

Superscript 

= fluctuation from the mean 

Introfluction 
FLOWFIELDS involving shock-induced boundary-layer sepa- 

ration are important and widespread. This study represents one 
such flow called plume-induced boundary-layer separation (PIBLS). 
PIBLS can occur on any supersonic vehicle with an underexpanded 
exhaust plume including aircraft, rockets, and missiles. One famous 
case of PIBLS is on the Saturn V first stage, where PIBLS ap- 
peared to play a dominant role in base-heating and base-burning 
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phenomena.'- Although shock-induced boundary-layer separation 
caused by a second fluid stream has been investigated over the last 40 
years, there are no known turbulence measurements of such a flow. 
However, shock-induced .shear-layer formation in front of solid ob- 
jects has been investigated.^"' Among these geometries, unswept 
compression comer flows provide the closest analogy to the current 
study. 

To date only four studies of turbulence in unswept compres- 
sion comers have been performed: Ardonceau,^ Kuntz," Smits and 
Muck,^ and Selig et al.'" All of the studies, except for that of Selig et 
al., considered a series of corner angles resulting in both unseparated 
and separated flows. Unlike the other studies, Selig et al. investigated 
a flowfield with active forcing (by mass addition). All of Kuntz's" 
data and some of Ardonceau's' were obtained using two-component 
laser Doppler velocimetry (LDV). The remaining studies, includ- 
ing a portion of Ardonceau's, used constant temperature hot-wire 
anemometry. The Mach numbers for the studies by Ardonceau,' 
Kuntz,' Smits and Muck," and Selig et ai.'" were 2.25,2.94,2.90. 
and 2.84, respectively. All of these studies noted large increases in 
turbulence through the shock interaction and unsteady shock mo- 
tion. However, none of these studies used any conditional analysis 
to separate velocity fluctuations due to the motion of the shock from 
those due to turbulence. Palko and Dutton" have demonstrated a 
technique for separating the fluctuation contributions from these two 
sources; this method is used in the measurements reported here. 

Several mechanisms have been proposed to explain the turbu- 
lence amplification in shock wave/boundary-layer interactions. A 
nonlinear coupling of entropy, pressure, and voriicity fluctuations 
involving the Rankine-Hugoniot jump conditions at the shock has 
been proposed by Anyiwo and Bushnell.'^ Turbulence amplifica- 
tion as a direct result of shock wave unsteadiness'^- '* is also widely 
cited. Finally, both bulk compression and concave streamline curva- 
ture present in shock wave/boundary-layer interactions are known 
to be destabilizing and, therefore, turbulence enhancing." All four 
of these mechanisms become more significant as the corner angle 
is increased, thereby increasing the shock strength and the range 
of shock motion. Another mechanism that is not often cited is the 
effect of flow separation itself. 

The studies of Ardonceau,' Kuntz," Smits and Muck," and Selig 
et al.'" all involved relatively thick boundary layers (8, 8. 26, and 
26 mm, respectively) and very small separated regions. The current 
study involves an approximately 3-mm-thick turbulent incoming 
boundary layer and a large separated flow region. This separation 
bubble serves as a reservoir of low-momentum fluid that may be 
entrained by turbulent structures within the free shear layer. Un- 
fortunately, the lack of previous studies involving a large separated 
region makes the effects of separation caused by a second fluid 
stream rather than by a solid ramp face difficult to determine. 

In contrast to the ca.se of shock-separated free shear layers 
are expansion-separated shear layers. To help understand the flow 
physics of the shock-separated case, this paper will make compar- 
isons with the work of Amatuccil^^indHen 
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Fig. I   Planar flowfield schematic, 50.8 mm wide. 

comprehensive LDV investigations of the mean flow and turbu- 
lence in planar and axisymmetric expansion-separated shear layers, 
respectively. Herrin investigated a single M = 2.5 (before separa- 
tion) shear layer, whereas Amatucci'* studied both Af = 2.56 and 
2.05 shear layers. Similar to the current study, both Amatucci's and 
Herrin's" flows involved relatively thin incoming boundary layers 
and a large separated flow region. 

Flow Facility 
A schematic diagram of the 50.8-mm-wide planar test section, 

with the flowfield features investigated in this study, is shown 
in Fig. 1. The upper Mach 2.S stream (unit Reynolds number, 
unit Re = 4S.9 x 10* m~') and the lower Mach 1.5 stream (unit 
Re = 36.2 X 10* m"') converge at a 40-deg angle past a 12.7- 
nun-high base plane. (The unit Reynolds number is defined us- 
ing the mean velocity and temperature-corrected viscosity of each 
freestream. A length scale is not chosen due to the lack of a single 
obviously correct dimension, hence the units of inverse meters.) The 
boundary layer of die upper stream intercepts the oblique separa- 
tion shock, consequently separates, and forms a free shear layer, as 
shown in Fig. I. This shear layer then reattaches with the shear layer 
formed by the separation (at a nearly zero pressure gradient) of the 
boundary layer of the lower stream, thereby enclosing a recirculating 
region behind the base. The reattachment of the shear layers gener- 
ates a recompression shock system and the resulting trailing wake. 

The upper and lower streams have absolute stagnation pressures 
of 506 and 251 kPa, respectively, resulting in a static pressure ratio . 
of the lower to the upper streams of Pi/ P\ = 2.27. With this pressure 
ratio, the wind tunnel has a run time of approximately 5 min. Honey- 
comb and flne mesh screens are installed in both streams (upstream 
of the converging-diverging nozzles) to reduce turbulence in the 
incoming flow. The resulting freestream turbulence is very low in 
both streams, foi^example, in the upper stream, (u'^) < O.OOOSf^. 
Surface oil flow visualization shows that the center 32 mm (63%) of 
the flowfield is free from sidewall effects and is, consequently, two 
dimensional in this region. The blowdown-type supersonic wind 
tunnel used to produce this flowfield is described briefly by Paiko 
and Dutton" and comprehensively by Palko" and Shaw." 

Equipment 
A two-component LDV system, with a TSIIFA 750 digital burst 

correlator operating in coincident mode, was used for the mean ve- 
locity and turbulence measurements. The IFA 750 includes sophisti- 
cated internal filters that gready reduce the impact of electronic noise 
from the photomultiplier tubes. The IFA 750 has been shown, at the 
University of Illinois Gas Dynamics Laboratory and elsewhere, to 
be far less sensitive to electronic noise than the older-style counters 
previously used for LDV measurements. A detailed discussion of 
the IFA 750 operation is given by Jenson.^ One beam of each color 
is shifted by 40 MHz to minimize fringe biasing and to allow dis- 
crimination of negative velocities. The blue and green beam pairs 
are also oriented at approximately -h45 and -45 deg, respectively, 
to the mean flow direction of the upper stream to minimize fringe 
blindness. An LDV coincident time window of 20 us was selected 

by using a rule of thumb suggested by TSI. Inc.. the LDV system 
manufacturer. The window was selected to be ^^th the time betweer 
data (obtained from the inverse of a representative data rate for this 
study, i.e., 5000 Hz). 

Separate TSI model 9306 six-jet atomizers introduce silicone 
oil droplets with a mean diameter of approximately 0.8 ^m intc 
each stream.^' The oil droplets are injected downstream of all flow 
conditioning modules and upstream of the nozzle blocks through 
small stainless steel tubes. The scattered light from the droplets i: 
collected in forward scatter at an off-axis collection angle of 10 deg 
resulting in an effective coincident measurement volume length o 
1.5 mm. The 13-mm beam spacing and 250-mm focal length trans 
mitling lens result in a coincident measurement volume diameter o 
0.127 mm (the spatial resolution in the two velocity measuremen 
directions). To minimize the effects of seed particle concentralior 
bias in the reported data, the seeding levels were adjusted in eacl 
stream to yield the same scattered light intensity. After this adjust 
ment was completed, traverses were made through the shear layei 
while seeding one or both streams. The results agreed closely foi 
both mean and rms velocities." 

Because of their significant inertia, seed particles produce curvec 
pathlines behind an oblique shock wave instead of following th( 
fluid streamlines that bend discontinuously at the shock front. Us 
ing the Carlson-Hoglund^^ empirical drag law, significant partich 
lag effects in this study were estimated to be limited to a regior 
extending 2.8 mm in the streamwise X direction downstream of th< 
shock wave, that is, 1.4 mm normal to the shock. This oblique shoci 
wave represents by far the largest velocity gradient in the presen 
flowfield. 

The worst-case Stokes number of the seed particles was calcu 
lated to be 0.3 for the region outside the noted particle lag regioi 
immediately downstream of the shock wave. This worst-case Stoke; 
number occurs just downstream of separation where the shear laye 
is the thinnest. The simulations of Samimy and Lele*' indicate tha 
a Stokes number of 0.3 would result in an rms velocity error of 3% 
However, Samimy and Leie's study used a convective Mach num 
ber of 0.6, whereas the region of the present flow with the larges 
Stokes number has a convective Mach number greater than 1.4 
As discussed by Smith,^^ increased compressibility (indicated b; 
a larger convective Mach number) reduces the shear-layer growtl 
rate and inhibits turbulent mixing. Thus, the particle lag errors ii 
the present study are expected to be significantly less than the 39 
predicted by Samimy and Lelc." 

Because the boundary-layer separation point oscillates in thi 
streamwise direction with the shock wave, the shear layer will alsi 
oscillate and cause biasing of unconditionally averaged velocit; 
data. Palko and Dutton" and Palko" describe in detail the condi 
tional analysis technique used in the current study to minimize bia 
in the velocity measurements due to shock wave unsteadiness. Thi 
technique allows the shock position (upstream, between, or down 
stream of the two transducers) to be determined for each velocit] 
realization. By ensemble-averaging realizations that are obtains 
only when the shock is between the transducers, this procedun 
effectively freezes the shock position and minimizes the velocit; 
fluctuations that would otherwise be recorded due to shock motion 
However, large data sets must be obtained to ensure adequate statis 
tical certainty from the ensemble averages. Because the transducer 
are placed >9.0 and 16.5 mm upstream of the base plane (Fig. I] 
the mean shock foot position, that is, the boundary-layer separatioi 
point, for the conditionally analyzed data set is 17.75 ±. 1.6 mm up 
stream of the base, where the transducer diameter is 1.6 mm. Palko' 
describes in detail the entire pressure data acquisition system. 

Palko" includes a comprehensive uncertainty analysis includ 
ing consideration of fringe, velocity, particle concentration, veloc 
ity gradient, and particle dynamics biases, as well as measuremer 
volume positional uncertainty and overall optical measurement un 
certainty (primarily in fringe spacing). The systematic or bias error 
arc conservatively estimated to be less than 2% for the mean veloc 
ities and 4% for the normal stresses. As noted in Ref. 25, accurat 
estimates of the uncertainty in heterogeneous statistical moment 
such as shear stress require detailed knowledge of the relationship 
between the variables. Obviously, diis knowledge does not exist i 
complex flows such as the current one. The authors believe th: 
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the systematic error in the shear stress should be of the same order 
of magnitude as for the normal stresses and that a more specific 
estimate could be misleading. 

The 95% confidence interval for the random error in the nor- 
mal stresses is (-4.3%, +4.6%) of the measured value for each 
normal stress. The 95% confidence interval for die random error 
in the mean velocity is (-3.1%, +3.1%) of the standard deviation 
in the measured velocity. The error in the mean streamwise ve- 
locity U at the point with the largest standard deviation is ±3.3% 
(f/ = 177 ±5.9 m/s). For comparison, at reattachment (where the 
mean velocity is zero), the random error in U is only ±2.6 m/s, 
although the percentage error is extremely large (division by nearly 
zero). For the transverse mean velocity V, the random error cor- 
responding to the point of largest standard deviation is ±7.5% 
(V= 29.5±2.2 m/s), whereas the error at reattachment is only 
±2.5 m/s, aldiough once again the percentage error is quite large. 

Results 
This paper presents data obtained at approximately 1500 spatial 

locations along the spanwise centerplane of the flowfield. The origin 
of the measurement grid is the upper base comer with the X axis 
aligned parallel to the wall (Fig. 1). Aldiough some related studies, 
most notably by Kuntz' and Amatucci,'' used a coordinate system 
rotated to align with the local mean velocity along the shear layer, 
diese studies were of much laiger scale flows, with widely sepa- 
rated shear layers, and present the data as line profiles. The current 
flowfield is much smaller in scale, making the use of numerous ro- 
tated coordinate systems impractical. Instead, a single orthogonal 
coordinate system for which streamwise refers to the X coordi- 
nate (perpendicular to the base plane) and transverse refers to the 
Y coordinate (parallel to the base plane) has been used. This allows 
the presentation of data as contour plots covering the entire flow- 
field. Despite this difference in coordinate systems, comparisons to 
previous studies remain useful. The streamwise spacing of the mea- 
surement locations is a uniform 2.5 nmi, but the transverse spacing 
varies from 0.125 mm in high-gradient regions to 1.0 mm in the al- 
most uniform freestreams. Two-component velocity measurements 
are limited to K > 1 mm (upstream of the upper base comer) due to 
beam clipping at the wall below this point, llie entire measurement 
grid has an absolute positional uncertainty (systematic error) in the 
streamwise and transverse directions of ±250 ^m with respect to 
die base, but the relative positional uncertainty (random enor) of 
each point with respect to each other within the measurement grid 
is only ±0.5 fim. 

Previously, Palko and Dutton" presented selected profiles ob- 
tained with and without conditional analysis to illustrate the effects 
of shock motion on the turbulence. The present paper instead an- 
alyzes global flowfield features by presenting results (using 4096 
instantaneous velocity realizations at each spatial location) obtained 
only when the shock was between the two transducers. The contour 
levels in the data plots do not represent regular intervals in the data 
but instead were chosen to illustrate clearly the features of the flow- 
field. Furthermore, the mean velocities and Reynolds stresses have 
been nondimensionalized using the freestream velocity in the upper 
stream, Ua, = 590 m/s. Finally, all contour and line plots presented 
in this study are unsmoothed, and the data have been velocity debi- 
ased using the interarrival time weighting method shown by Herrin 
and Dutton^ to be the most accurate debiasing method in this type 
of flow. 

Mean Flow 
Table I lists various properties of the incoming boundary layer 

of the upper stream. These properties were determined by apply- 
ing a curve fit for compressible, turbulent boundary layers^^ to the 
experimentally obtained boundary-layer profile. The best curve fit 
was found by varying the boundary-layer diickness & and the skin- 
friction coefficient C/ until the mean square deviation between the 
curve fit and the experimental data was minimized. The result- 
ing profile equation was then numerically integrated to yield the 
boundary-layer integral parameters listed in Table I. The Reynolds 
numbers based on the various thicknesses may be estimated as 
/?c. = 1.2x lO'. /?/•.. =7 Rv in^  and ff/.„=7 6v 10^ 

Tkble 1   Approach boundary-layer properties 

Property Value 

Boundary-layer thickness j, mm 3.2 
Displacement thickness j*, mm 0.78 
Momentum thickness 0, mm 0.2 i 
Shape factor,//=«7fl 3.7 
Wake strength factor 0 0.86 
Skin friction coefficient C/ 0.0016 
Friction velocity u,, m/s 23.6 
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Fig. 2   Mean streamwise velocity field, VIUoo- 
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Fig. 3   Mean velocity vector field. 

Figure 2 presents a contour plot of the normalized mean stream- 
wise velocity component V/Uoa- These results clearly indicate the 
approach boundary layer, the two shear layers, the recirculation re- 
gion behind the base (denoted by negative values of U/Ugo), the 
separation shock, the upper system of recompression waves, and 
the trailing wake. The two shear layers reattach at approximately 
16.25 mm downstream of the base. (Because of the dominance of 
the streamwise velocity component, reattachment is defined here as 
the point of zero U/Ugo-) The reattachment point is noted by a small 
plus sign in Fig. 2 and all subsequent contour plots. Also interest- 
ing is the sudden, almost discontinuous decrease in the streamwise 
mean velocity and subsequent thickening of the boundary layer at 
the shock foot location (X = —17.75 mm). The presence of this 
discontinuity at the expected location between the two transducers 
indicates that the shock position is accurately frozen by the condi- 
tional analysis algorithm. 

The combined mean velocity field (streamwise and transverse 
components) is presented as a vector plot in Fig. 3. Figure 3 clearly 
ehtwttc  1 f1n«i(  <ri   tt<«/»h 



the two shear layers, the separation shock, the realtachment point at 
X = +16.25 mm. and the wake development. The thickening of the 
upper boundary layer as the base plane is approached is also apparent 
in Fig. 3. The inflection points in the velocity profiles immediately 
upstream of the base are expected because the flow is separated 
at these locations. To allow closer examination of the recirculation 
region, a vector plot of only the base region is presented in Fig. 4. 
The two distinct recirculating eddies within the region of separated 
flow may be clearly seen in Fig. 4, as well as the recirculating 
now near the wall at the base plane below the upper shear layer. 
The reattachment of the two shear layers in the neighborhood of 
X = + \6 mm is also more apparent in this expanded view. 

An equivalent ramp comer angle may be defined for the current 
flow as the angle between the mean reattached wake direction (in- 
viscid slip line) and the X axis. This inviscid slip line is, of course, a 
compliant boundary rather than a rigid boundary such as the down- 
stream ramp surface in a compression comer. By using a linear 
regression through the points of minimum streamwise velocity at 
all measured streamwise locations downstream of reattachment, this 
equivalent comer angle is estimated to be 28 deg. 

Figure S presents the mean Mach number distribution throughout 
the flowfield. The Mach number was obtained by measuring the stag- 
nation temperature inside the plenum chamber of the wind tunnel 
using an iron-constantan thermocouple and by applying the assump- 
tion of adiabatic flow to extract the static temperature and speed of 
sound throughout the flowfield. Figure S clearly reveals the separa- 
tion shock, the recompression wave systems, and the large subsonic 
region downstream of the base. The dramatic change in compress- 
ibility across the upper shear layer is indicated by the highly com- 
pressible fieestream on the outside (M > 2.0) and the large region 
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Fig. 4   Base region mean velocity vector field. 
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Fig. 6   Streamwise normal stress field, («'* )/l/J, 

of nearly incompressible flow near the base on the inside of this 
layer (W< 0.3). 

To quantify the compressibility of the shock-separated s 
layer, one may use the mean velocity data to determine a convei 
Mach number Mc (Refs. 28 and 29). The convective Mach nur 
is the Mach number of each freestream relative to the large-! 
turbulent stmctures in the free shear layer. For cases in whici 
freestream gases on each side of the shear layer are the same 
stream 1 is die high-speed stream, the convective Mach numbei 
be computed as 

A/c = (f/i-t/2)/(ai-l-a2) 

For the upper shear layer in this study, the convective Mach nur 
is approximately 1.4, which indicates very strong effects of c 
pressibility. This value of MQ is also approximately equal to tho; 
the planar and axisynunetric expansion-separated free shear la 
in the studies of Amatucci'* and Herrin," respectively. 

Reynolds Normal Stresses 
The dimensionless streamwise normal stress distribution is sh 

in Fig. 6. Clearly, the turbulence in both freestreams is very sr 
The shock-induced separation process dramatically increases 
streamwise normal stress, and the reattachment process and v 
development dramatically decrease it in the upper shear layer, 
shock interaction increases the streamwise norrnal stress by a h 
of about 5.5 times the peak measured value in the incoming bourn 
layer of O.CGf/^. The maximum streamwise normal stress valii 
0.11 f/^ occurs immediately upstream of reattachment. 

The increased streamwise turbulence levels in the current si 
match closely those cited by Ardonceau'' in his separated, 18 
compression comer flow, but exceed those cited in the other si 
interaction studies. These differences could be attributable to 
sible difficulties in interpreting hot-wire measurements made ir 
personic flows' and the lack of LDV data immediately downstr 
of the interaction in Kuntz's' study. The peak streamwise tu 
lence levels in the present study exceed those of both Herrin" 
Amatucci." This difference is due to the presence of the adv 
pressure gradient, bulk compression, and concave streamline 
vature at separation for the current shock-separated shear laye 
compared to the expansion-separated cases. 

The transverse normal stress distribution is shown in Fig. 7. Si 
ration of the upper shear layer dramatically increases the transv 
normal stress by a factor of 5 over that in the incoming bourn 
layer. The lower shear layer displays large values of transverse 
mal stress, but this is primarily due to the inclination of the Ic 
shear layer with respect to the X axis. Because of this, vcic 
fluctuations within the lower shear layer have a large transv 
component. Note that the region of highest transverse velocity I 
tuations occurs in the lower portitiiiof the separated region. In 
region the streamwise velocity fliictuations are between the < 
and 0.02 contours. Although nbt presented here, a normal si 
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Fig. 7   TVansverse normal stress field, (v'* )/f Jo- 

anisotropy plot presented by Paiko" reveals that the majority of the 
separated region has an anisotropy of less than 2. The region of very 
large streamwise velocity fluctuations (0.1 contour) occurs inside 
the upper shear layer. 

Whereas die transverse normal stress in the lower shear layer 
(and for the entire flowfield) peaks before reattachment (at 
X = -f-12.5 nun), the transverse normal stress in the upper shear 
layer increases throughout die recompression region and through 
reattachment. In general the developing wake exhibits decreasing 
turbulence levels, but large values (>0.0l8f/^) of transverse nor- 
mal stress persist for over 12.5 mm downstream of reattachment 
(to X = -(-28.75 mm). The far wake is characterized by decreasing 
transverse normal stress, but at the downstream limit of the mea- 
surement region (X = -I- 40 mm), die values arc still greater than 
0.010(/^ (which is equal to the value immediately after separa- 
tion). This delayed decrease in the transverse normal stress may be 
indicative of a shift in turbulent energy with recompression and reat- 
tachment from the streamwise normal stress to the transverse and 
spanwise normal stresses. Herrin and Dutton"* also note increas- 
ing normal stress isotropy through reattachment of an axisymmetric 
shear layer that is indicative of such a shift in turbulent energy. 
This delayed decrease may also be due to die large transverse nor- 
mal stress in the lower shear layer that comes primarily from die 
inclination of the lower shear layer with respect to die X axis. 

The streamwise normal stress in the current study peaks immedi- 
ately before reattachment. This feature is common to compressible 
free shear layers formed through both planar rapid expansions'' and 
planar shock-induced separation," but contrasts with the decreas- 
ing turbulence levels through recompression and reattachment in 
axisymmeuic geometries.* This provides evidence of the stabiliz- 
ing, that is, turbulence-reducing, effect of lateral streamline con- 
vergence for the axisymmetric case, which does not occur for the 
planar case. 

Ibrbulence Amplification 
Turbulence amplification has been documented in many types of 

shock wave/boundary-layer interactions. Smits and Muck' reported 
in their 8-, 16-, and 20-deg compression comer studies normal stress 
amplification factors of up to 14 times the incoming boundary-layer 
values, with the larger comer angles, that is, stronger shocks, exhibit- 
ing the larger turbulence amplification. Smits and Muck used die 
strong Reynolds analogy (SRA) to extract the kinematic turbulent 
stresses from the mass-weighted hot-wire measurements. However, 
the SRA assumes diat pressure fluctuations are negligible, which is 
not true downstream of unsteady shock waves and, dierefore, com- 
plicates the interpretation of hot-wire measurements in such flows. 
Kuntz' reported peak sU^amwise normal stress levels in the reat- 
tached boundary layer of between 2 and 10 times die levels in the 
approaching boundary layer, for his 8-, 12-, I6-, 20-, and 24-deg 
compression comers, respectively. Larger turbulence amplification 
factors may well have occurred in Kuntz's flow upstream of reattach- 
ment but were not measured. By comparison, the streamwise normal 

stress in the present study peaks upstream of reattachment. In his 
18-deg compression comer, Ardonceau' reports a peak streamwise 
normal stress value just below die center of his shear layer prior to 
reattachment of 0.1141/^, an increase of a factor of 4.3 over the 
approaching boundary-layer values. This agrees well wiUi the peak 
value in die present study. The normal stress amplification ratios 
quoted for Kuntz' and Ardonceau' are estimated from turbulence 
intensity profiles and consequently have large uncertainties. 

Ardonceau,' Kuntz,* and Smits and Muck' examined a range of 
compression comer angles. All of these studies found increasing tur- 
bulence amplification with increasing comer angle and attributed it 
to increasing shock strength, bulk compression, and concave stream- 
line curvature. Both Ardonceau^ and Kuntz* found no dramatic dif- 
ference between separated (larger angles) and unseparated (smaller 
angles) comer flows, indicating that separation has litde effect on 
turbulence amplification. Smits and Muck' concluded that for weak 
shocks turbulence amplification is primarily due to die effects of 
bulk compression, adverse pressure gradient, and concave stream- 
line curvature. Smits and Muck assert that the turbulence amplifi- 
cation depends more on the overall pressure rise through the inter- 
action than on the presence of a shock wave. They also proposed 
that shock wave oscillation becomes an impoitaqt mechanism for 
stronger shocks. 

Selig and Smits,'^ however, in a separated 24-deg compression 
comer study, concluded that shock unsteadiness is not an important 
mechanism because the downstream turbulence showed no change 
when the shock wave was driven at a particular frequency. The shock 

, wave was forced in this flow by periodic blowing into the separated 
region, and unlike the present study, no conditional analysis was 
used to isolate eidier shock position or shock motion direction from 
die turt)ulent fluctuations. In contrast, Palko and Dutton'' found diat 
shock motion direction does have a significant effect on downstream 
turbulence levels as well as on the organization of the turbulence. 

Amatucci'^ and Herrin'^ also report turbulence increases smaller 
than die earlier cited levels for their planar and axisymmetric base 
flows, respectively. Both researchers found that, despite the stabiliz- 
ing influences of a favorable pressure gradient, bulk expansion, and 
convex streamline curvature, the turbulence at the inner (low-speed) 
edge of the free shear layer increases dramatically over its levels in 
the approaching boundary layer in response to the expansion at sep- 
aration. In particular, Herrin found that the turbulence levels in the 
outer portion of his free shear layer formed through a rapid expan- 
sion were frozen at or below the upstream levels, whereas die inner 
edge experienced streamwise normal stress increases of approxi- 
mately 9 times the levels in the approaching boundary layer. 

Ardonceau^ and Kuntz* report increases of 9 and 20, respec- 
tively, over the peak transverse normal stress levels in the approach- 
ing boundary layers for dieir compression comer flows. Herrin" 
reports a peak transverse normal stress value of 0.0241/^ for his 
rapidly expanded axisymmetric free shear layer. The data of Herrin 
reflect an increase of 3 times the transverse normal stress level in 
his approaching boundary layer. Amatucci's'^ data display amplifi- 
cations of roughly 3 and 8 times the peak transverse normal stress 
levels in the approaching boundary layers for his upper (Mach 2.56) 
and lower (Mach 2.05) rapidly expanded planar shear layers, re- 
spectively. The peak transverse normal stress amplification factor 
in the present study lies within the range cited eariier. 

Turbulent Kinetic Energy 
The turbulent kinetic energy (TKE) disu-ibution (where the span- 

wise normal stress is assumed equal to the transverse normal sU'ess) 
is shown in Fig. 8. The TKE contours resemble closely the stream- 
wise normal stress contours (Fig. 6). The streamwise normal stress 
is much larger than its transverse counterpart over most of the flow- 
field and so dominates the TKE. Therefore, similar to the streamwise 
normal stress, die TKE is much larger in die upper shear layer than 
in the lower shear layer and peaks near reattachment. 

Unlike the present study, both Kuntz* and Amatucci*' approxi- 
mated the spanwise normal stress as the average of the streamwise 
and transverse normal stresses. This average definition may over- 
state the actual value of dieTKE. Herrin," however, was able to mea- 
sure all three velocity components and, therefore, determined the 
TKE without any approximations. The maximum TKE in the present 
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Study, 0.071/^, exceeds the maximum value of 0.042f/^ Herrin 
found upstream of reattachment for his axisymmetric expansion- 
induced free shear layer. The reasons for the difference in the TKE 
values in the present study and those of Herrin are the additional 
mechanisms discussed earlier for turbulence production present 
in shock wave/boundary-layer interactions that are not present in 
rapidly expanded compressible shear layers. 

The maximum TKE value in the current study is also larger than 
the 0.05f/^ maximum TKE value reported by Kuntz' after reattach- 
ment in his 24-deg compression comer (the largest ramp angle tested 
and lai^gest TKE value reported). The larger equivalent comer angle 
(28 deg) in the present study than the actual comer angle of Kuntz's 
flow may also explain the larger TKE level of the present study. In 
addition, a larger peak may have occurred near reattachment but up- 
stream of the region of measurement in Kuntz's study. Amatucci," 
however, reports maximum TKE values occurring close to reattach- 
ment of approximately 0.06t/^ and 0.07t/^ for his upper (Mach 
2.56 freesb-eam) and lower (Mach 2.05 freestream) expansion- 
induced planar free shear layers, respectively. Both of these peak 
values are close to the peak value observed in the current study. 

Residual Shock Motion 
The transverse normal stress contour plot (Fig. 7) indicates a nar- 

row band of increased turbulence that lies well above the upper 
shear layer.. By comparing the location of this band to the contour 
plot of mean streamwise velocity (Fig. 2), this region is seen to cor- 
respond to the location of the separation shock wave. This increase 
in apparent transverse normal stress immediately downstream of 
the shock wave may be due to one of three factors: 1) small-scale 
shock unsteadiness that is below the resolution limit of the condi- 
tional analysis technique (±1.6 mm); 2) particle lag downstream of 
the shock due to the finite-sized LDV seed particles (2.8-mm ex- 
tent in the streamwise direction); or 3) the slightly polydisperse size 
distribution of seed particles. 

Bloomberg^' compared LDV data acquired using the same seeder 
and silicone oil used in this study with data acquired using monodis- 
perse polystyrene latex particles behind an oblique shock wave 
slightly stronger than the separation shock in the current study. 
Bloomberg concluded that false turbulence due to the slight poly- 
dispersion of silicone oil droplet sizes was small compared to the 
overall turbulence levels in his flowfield. For this reason, the small 
increase in turbulence downstream of the separation shock wave in 
the current experiment is most probably not due to a polydisperse 
size disttibution of seed particles. 

Across an oblique shock wave, the tangential velocity compo- 
nent (relative to the shock front) is unaltered, but the normal ve- 
locity component is dramatically decreased. One may then expect 
that small-scale shock motion below the resolution limit of the con- 
ditional analysis technique would result in bimodal distributions 
in the veloci^ component normal to the shock at locations near the 
mean shock location (depending on whether die instantaneous shock 

location is ahead of or behind the measurement location). Figur 
presents velocity histograms from the green LDV channel obtair 
at six different transverse Y locations near the separation shock. 1 
data in Figure 9 have been conditionally analyzed to contain oi 
velocity realizations occurring when the shock foot was betwt 
the two pressure transducers, but have not been velocity debiase 

For these particular measurements, the green LDV channel v 
aligned at 44-deg clockwise from the X axis, and the separati 
shock wave is inclined at a 32-deg angle counter clockwise fr 
the \ axis. (Two slightly different alignments were used dur 
the data collection for this study, but as noted in the equipm 
section, both were approximately ±45 deg to the X axis.) This p 
ticular alignment results in the green LDV channel being alignec 
76 deg to the separation shock (a perfect 90-deg alignment wo 
simply further accentuate the observed bimodal nature of the 
locity histograms). Figure 9 clearly shows that, at locations ab< 
K=-H8mm and below ^ = -1-13 mm the shock, a roughly u 
modal velocity distribution occurs. As the mean shock locatior 
approached from either above or below, however, the velocity i 
tribution becomes increasmgly bimodal with maximum bimodal 
occurring at K = -f 15 mm. 

One may estimate from the histograms shown in Fig. 9 that s 
nificant bimodality exists over a transverse region of approximat 
3 mm (from K = +14 to -h 17 mm). This equates to a streamw 
shock motion distance of 4.8 mm. Together, the resolution limit 
the conditional analysis algorithm and particle lag are conservati v 
estimated to produce si^nihcanl uncertainty over a streamwise 
gion of roughly 6.0 mm This length scale agrees with the leni 
scales estimated from the velocity histograms in Fig. 9 and fn 
the relatively constant width band of increased apparent transve 
normal stress near the shock location in Fig. 7. Smits and Mu( 
also noted small peaks ai the shock location in profiles of ma 
weighted streamwise normaJ stress obtained with hot wires in th 
compression comer flows without conditional analysis. Smits : 
Muck concluded that, similar to this study, the region of shock n 
tion has an approximately constant length, independent of distai 
from the wail. 

Reynolds Shear Siren 
The dimensionless pnnnary Reynolds shear stress distributi 

-<MV)/(/^, is shown in Figs. 10 and II. Because the prim 
Reynolds shear stress it negative in boundary layers, the negative 
die shear stress is often presented in the literature, that is, -(u'l 
This study follows this convention in all shear stress plots. In 
of the following discussion, the term positive shear stress rela 
to a positive value of (u'v) and negative shear stress relates 
a negative value of (u'i>') As can be seen from Figs. 10 and 
the shock-induced separation increases the magnitude of the | 
mary shear stress In their compression comer experiment, Sn 
and Muck' reported only negative values of (u'v') and increase: 
the peak magnitude of the shear stress of up to 13 times the p< 
level in the approaching boundary layer. In the current experimc 
a band of negative shear stress may be seen lying above the sh 
layer in Fig. 10. By comparing Fig. 10 with the contour plot of 
sueamwise mean velocity (Fig. 2), this band of negative shear str 
is again seen to coincide with the separation shock wave and is m 
likely due to particle dynamics and shock wave motion below 
resolution limit of the conditional analysis technique. 

The compression comer studies of Ardonceau,'' Kuntz,' Sn 
and Muck,' and the expansion-induced separation studies 
Amatucci '* and Herrin" contain peak negative shear stress value: 
-0.002f/^, -O.OISL/^. -O.OOetf^, -0.042f;4, and -O.OI2t 
respectively. The peak positive and negative shear stress values 
-(-0.007(/^ and -0.007t/^. respectively, that are found inside 
shock-induced shear layer of the present study exceed the peak > 

. ues recorded in the separated compression comers of Ardonce 
and Smits and Muck' but lie well below the value reported by Kur 
for his compression comer flows after reattachment. We believe I 
the scale of the shear stress plots ^n Ardonceau's^ article may b( 
error and that the true peak shear stress in this work may actu: 
be an order of magnitude larger than die value cited. The value; 
bodi Amatucci" and Herrin" in expansion-induced shear layers 
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Fig. 9   Green LDV channel velocity histograms near shock location, X = +7.5 mm. 
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Fig. 11    Reynolds shear stress profiles, —(u'c')/!/^ 

well above those of the present study and indicate that the underly- 
ing turbulent structures in rapidly expanded compressible free shear 
layers differ significantly from those in shock wave/boundary-layer 
interactions. 

Figure 11 clearly shows both the positive and negative shear stress 
peaks at the X = 0 and -f 12.5 mm locations (the two plotted profiles 
through the free shear layer). The top negative peak in (u'v') in the 
X =0 and +12.5 mm profiles is due to residual shock motion. The 
X = +12.5 mm profile shows a second large positive shear stress 
neak coinciding with the lower shear layer. This ix)sitive oeak is 

expected because the mean velocity profile has a negative slope 
inside the lower shear layer. Examining Fig. 10, one sees that the 
region of positive shear stress within the shock-induced free shear 
layer only exists between separation and reattachment. Examining 
the X =+30 mm profile in Fig. II, one sees that single negative 
and positive peaks appear symmetrically across the wake. This is 
expected due to the deficit in the mean velocity profiles inside the 
wake and matches the shear stress profiles found in other wake 
studies. 



Can a Positive Sliear Stress Exist? 
The region of positive shear stress in the upper-half (high-speed 

side) of the shock-separated shear layer is not expected because 
the slope of the mean velocity profile there is positive. If a fluid 
element moves up or down between the high-speed and low-speed 
regions inside a shear layer with a positively sloped mean velocity 
profile, then the instantaneous shear stress u'v' for the fluid element 
is expected to be negative. This argument, however, neglects the 
potential effects of coherent turbulent structures in the shear layer 
that physically allow a region of positive {u'v') to exist. 

The separated compression comer studies of Ardonceau' and 
Smits and Muck* include measurements of the free shear layer prior 
to reattachment, but did not indicate a positive shear stress region. 
This absence may be due to the difference in incoming boundary- 
layer thickness relative to the size of the separated region or to the 
presence of a rigid downstream boundary rather than a second fluid 
stream as in the present study. The absence of a positive shear stress 
region in the data of Ardonceau^ and Smits and Muck' may also 
be due to the larger equivalent comer angle (28 deg) of the present 
flow than the comer angles in their two studies. 

The disappearance of the positive shear stress region in the outer 
portion of the upper shear layer at reattachment may explain why 
Kuntz," who made no measurements upstream of reattachment, 
did not measure a positive shear stress region in any of the com- 
pression comers he investigated. Similarly, the additional mecha- 
nisms for turbulence amplification and alteration present in shock 
wave/boundary-layer interactions may explain why the expansion- 
induced free shear layer studies of Amatucci" and Herrin'' include 
only a negative shear stress region. 

A positive shear stress peak occurs at all but one of the 13 stream- 
wise traverse locations in the shock-induced free shear layer of the 
current study. The locations of these positive peaks form a straight 
line along this free shear layer. Furthermore, these shear stress mea- 
surements (and the rest of the data presented in this study) are re- 
peatable over a period of several months. Fmally, other turbulence 
quantities including higher-order statistical moments, such as the 
{u'u'u') triple product extracted from the same velocity ensembles 
used to calculate the shear stress, display the expected trends. This 
persistence and uniformity of these shear stress data, combined with 
the presence of expected trends in other quantities, provide evidence 
that the positive shear stress regions inside the upper shear layer are 
a true physical phenomenon and not an artifact of the measurement 
technique. However, if the instantaneous velocity data are rotated 
to coordinates parallel and perpendicular to the local shear layer 
direction rather than the tunnel coordinates (Fig. I) used in this pa- 
per, the positive shear stress values might disappear. This will be 
the subject of future work, but preliminary analysis indicates that 
this would cause the shear stress values to approach small positive 
values rather than significant negative values. 

*^ Conclusions 
This study presents the first (to our knowledge) turbulence mea- 

surements obtained in a shock-separated shear layer and the flrst 
turbulence measurements in any two-dimensional, shock-separated 
free shear layer to account directly for shock wave unsteadiness.' 

Detailed experimental data are presented to allow veriflcation of 
improved numerical solutions, including improved turbulence mod- 
els for shock wave/boundary-layer interactions. The results show 
that shock-induced separation dramatically increases the Reynolds 
normal stresses in the upper shear layer The streamwise normal 
stress is much larger than the transverse normal stress and, conse- 
quently, dominates the TKE through most of the flowfleld (assuming 
that the transverse and spanwise normal stress magnitudes are sim- 
ilar, as has been found in previous related studies). 

Counter-rotating vortex pairs oriented in the streamwise direc- 
tion may exist inside the shock-separated free shear layer of the 
present study. These vortex pairs are similar to the Taylor-GSrtler 
vortices that are known to form in boundary layers on walls with 
concave curvature. The shock-separated shear layer in the present 
study also displays a concave curvature, so an instability mode sim- 
ilar to the Taylor-Gttrtler mode may be expected. These vortex 
pairs are believed to produce powerful ejections of fluid (quad- 

rant I: u'> 0, v'> 0) that result in the observed region of pos 
shear stress. This vortex theory was first proposed by Paiko 
conjunction with a further detailed analysis and discussion o 
shock-separated shear layer turbulence structure that provides: 
tional evidence of such vortex pairs. This analysis will be the sul 
of a future paper. 

The subsequent reattachment of the two shear layers dramatic 
decreases the turbulence levels. The developing wake is domir 
by a further reduction in all turbulent stresses. However, large v: 
of the transverse normal stress are seen to persist well downsti 
of reattachment, possibly indicating a shift in turbulent energy 
the streamwise component to the transverse (and presumably s 
wise) components through recompression and reattachment. / 
expansion-separated planar shear layers, the streamwise no 
stress is seen to peak at reattachment rather than upstream of 
tachment as in axisymmetric expansion-induced shear layers, 
provides further evidence of the stabilizing effects of lateral stn 
line convergence on the turbulent flowfield for the axisymm 
case. Interestingly, regions of both positive and negative Reyr 
shear stress exist inside the shock-separated shear layer. The 
itive shear stress region is formed at separation and disappea 
reattachment and may be explained by the presence of streamv 
oriented counter-rotating vortex pairs similar in nature to Ta) 
Giirtler vortices. Fmally, velocity histograms obtained in the in 
diate neighborhood of the shock indicate that the range of unst 
shock motion has a relatively constant width irrespective of dist 
from the wall. 
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The steadiness and convolution of the interface between the freestream and recirculating/wake core regions in an 
axisy mmetric, separated supersonic flow were studied using planar imaging. Five regions along the shear layer/wake 
boundary were investigated in detail to quantify the effects that key phenomena, such as the recompression and 
reattachment processes, have on the development of large-scale unsteady motions and interfacial convolution. 
These studies show that flapping motions, when viewed from the side, generally increase in magnitude, in relation 
to the local shear layer thickness, with downstream distance, except at the mean reatUchment point, where they 
are slightly suppressed. When viewed from the end, the area-based (pulsing) fluctuatioRS increase monotonically 
downstream as a percentage of the local area, whereas the position-based (flapping) motions show pronounced 
peaks In magnitude in the recompression region and in the developing wake. The interface convolution increases 
monotonically with downstream distance in both the side- and end-view orientations. 

Introduction 
THE nature and structure of turbulence in compressible shear 

flows are still not fully understood. A better understanding 
of this turbulence is critical to efforts to control supersonic vehi- 
cles and projectiles, lower their base drag, or change their radar 
signature. Past efforts have determined the mean size, shape, and 
eccentricity of the large-scale turbulent structures present in planar' 
and axisymmetric^ supersonic base flows and in highly compress- 
ible mixing layers^'^ using Mie scattering from condensed ethanol 
droplets as the primary diagnostic. These studies give useful in- 
formation about the mean turbulent structures that are on the scale 
of the local shear layer thickness, but the technique employed to 
analyze the images does not provide any information about larger 
scale motions, such as shear layer flapping or the effect that the 
structures have on the convolution, that is, tortuousness or degree of 
folding and twisting, of the shear layer interface. The present study 
addresses these issues. 

Shear Layer Steadiness and Flapping Motions 
Most of the documented research in flapping is for low Reynolds 

number planar shear layers and jets.*' For a planar nozzle geo- 
metry, the apparent flapping motions are derived from asymmetric 
staggering of the lai;ge vortices that form from the rollup of Kelvin- 
Helmholtz-type instabilities, on either side of the jet. A classic ex- 
ample of flapping motion is shown in the von Kiim&n vortex street 
formed by shedding in the wake of a cylinder in crossflow. 

The high level of compressibility (Moo = 2.46 and W^ = 0.49- 
1.4; see Table 1) and large Reynolds number (52 x 10" m~') dic- 
tate that motions of the type just described for incompressible, low 
Reynolds number flows are not present in the current supersonic, 
separated flow.' In compressible, axisymmetric flows, flapping mo- 
tions are thought to be generated by the propagation of helical 
disturbances,'-' which must be pumped by feedback from down- 
stream disturbances such as obstacles'" or shock structures.' Ponton 
and Seiner' showed that the flapping motions of an axisymmetric 
jet with an exit Mach number of 1.3 are generated by double-helix 
disturbances developed from instabilities generated at the nozzle lip 
via feedback from downstream shock structures. Similar phenom- 
ena can occur within the recirculation region in the present separated 
flow. 
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Variability in the shear layer position can also be generated by 
pressure fluctuations in the freestream. Asymmetric circumferential 
pressure fluctuations can contribute to motion of the centroid of the 
enclosed wake core irta (in the end view), whereas circumferen- 
tially symmetric pressure fluctuations can contribute to fluctuations 
in the magnitude of the recirculation and wake core areas and vari- 
ability in the location of the reattachment point. 

Smith" reported unsteady shear layer motions with a magnitude 
of approximately one-ihird of the local shear layer thickness in a 
planar, supersonic, reattachmg base flow. Although his geometry 
was planar rather than axisymmetric, as in the current flow, the 
mechanisms that cause this unsteadiness (feedback through the re- 
circulating flow region, pretsure fluctuations in the freestream) can 
produce similar resuiti Both symmetric and asymmetric motions 
can occur, leading to either area-magnitude fluctuations or shear 
layer flapping, respectively 

Interface Convolutioa 
Two sources were found that attempted to describe qualitatively 

the effect of compresjibiliiy on the convolution of the interface be- 
tween fluids in a planar »hear layer. Clemens and Mungal* claim 
that the convolution of ttw interface, when visualized from the end- 
view orientation, increases with convective Mach number, whereas 
Island et al.'^ claim that the overall interface appears smoother for 
higher convective Mach numbers. These statements do not neces- 
sarily conflict because these studies also show that, as convective 
Mach number increases, the organization of the large-scale turbu- 
lent structures changes from a spanwise to a sh-eamwise orientation 
and the coherence of the structures decreases. Therefore, in the end- 
view plane, the degree of interface convolution can increase while 
the overall interface convolution decreases at higher levels of M^. 
Clearly, quantitative results are necessary to elucidate and verify 
observations such as these. 

Very few studies have been performed to determine directly the 
convolution of the interface of compressible shear layers, even 
though this is an important indication of the mixing potential be- 
tween two streams. Two common practices that have been cited in 
the literature to determine interface convolution are determination 
of the fi-actal dimension'"* and direct calculation of the length 
of die interface.'^ The fractal dimension classification asserts that 
the mixing interface is composed of degenerate patterns diat repeat 
themselves throughout all scales of the flow. These studies show diat 
mixing interfaces most commonly have a fractal dimension between 
2.2 and 2.7 (Refs. 13 and 14). The interpretation and usefulness of 
fractal results in fluid mechanics applications are not particulariy 
clear, and the method is not widely used. The interface lengUi tech- 
nique is more straightforward. This method postulates that diere is a 
surface (or line in a two-dimensional image) that corresponds with a 
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Table 1   Coordinates and flow parameters at imaging positions 

Convective Mie scattering LDV velocity Mie scattering End-view 
Imaging Distance from Mach number shear layer shear layer shear layer recirculation/wake 
position Location base comer, mm Mr thiclcness JMK. mm thiclcness JVei. mm angle, deg core area i4ineuii, mm 

A Siiear layer 18.4" 1.23 2.47 5.9 12.7 2610 
B Shear layer 36.8° 1.40 3.67 9.3 14.0 2040 
C Recompression 72.4" 1.24 4.42 12.5 9.3 1016 
D Reattachment 84.1'' 1.09 4.98 13.6-^ 456 
E Near wake 135" 0.49 13.69 754 

"Measured along shear layer.   ''Measured along cenlerline.   'Estimated. 

minimum potential for mixing in any geometry." The actual mixing 
inteiface length can then be ratioed with this minimum mixing in- 
terface length to indicate the increased potential for mixing caused 
by the increased interfacial area available. 

Because of its relative simplicity, the length-ratio technique is 
employed in this study. A paper, by Glawc et al.'^ employed this 
method to determine the mixing potential of astreamwise jet injected 
from the base of a strut into a supersonic freestream. They found 
that a range of shape factors, from approximately 2 to 4, could be 
attained by varying the cross-sectional shape and exit velocity of 
the jet. 

Equipment and Diagnostics 
The data presented in this paper have been gathered from exper- 

iments performed in the Gas Dynamics Laboratory at the Univer- 
sity of Illinois at Urbana-Champaign. The axisymmetric base flow 
facility generates a Mach 2.46 flow about a 63.5-mm-diam cylin- 
drical afterbodyA)lunt base. The base flow tunnel is characterized 
by a relatively low freestream turbulence intensity (< 1%), a turbu- 
lent boundary-layer thickness at the trailing edge of die afterbody 
of 3.2 mm, and a unit Reynolds number of Re = 52 x 10* m"', as 
cited in the laser Doppler velocimetry (LDV) data of Herrin and 
Dutton." 

Flow visualizations of the interface between the freestream and re- 
circulation/wake core regions have been accomplished in the current 
experiments by implementing the same Mie scattering technique as 
Smith and Dutton' and Bourdon and Dutton.^ Ethanol vapor was 
seeded into the supply airstream. As it is rapidly accelerated in 
the converging-diverging nozzle, the ethanol vapor condensed into 
a fine mist of approximately 0.05-/^m-diam droplets," which are 
easily small enough to follow the large turbulent structures.'^ The 
condensation characteristics of ethanol dictate that, in our facility, 
the ethanol will condense at all flow speeds higher than approx- 
imately sonic conditions. Thin slices of this ethanol fog were il- 
luminated via a 200-/im-thick laser sheet formed from a Nd:YAG 
laser with a nominal pulse energy of 450 mJ/pulse and at a pulse 
frequency of 10 Hz (Fig. 1). A high-resolution, 14-bit unintensified 
charge-coupled device (CCD) camera was used to record the scat- 
tered light. End-view images were obtained by rotating the cylindri- 
cal mirrors in the optics train and positioning the camera ofT-axis. A 
geometric transformation was then applied to the images to obtain 
a true end view. Many more details concerning the flow facility and 
visualization method may be found in Refs. 1 and 2. 

General Flowfield Cliaracteristics 
Figure 2 is a global Mie scattering image of the flowfield in ques- 

tion. This flow is driven in large part by the base-freestream pressure 
and velocity mismatches that result from the sudden termination of 
the afterbody and the attendant flow separation. Expansion waves 
emanate from the base comer, and a free shear layer forms as a 
result of the pressure and velocity mismatches, respectively. Be- 
cause the intensity of the Mie scattered light is proportional to the 
number density of the ethanol droplets, which is reduced across the 
expansion, the expansion appears as a dark region emanating from 
the base comer. As the shear layer approaches the axis of symmetry, 
the mean flow must tum parallel to the axis. An adverse pressure gra- 
dient and, thus, recompression waves in the supersonic freestream 
develop due to this tum along the axis of symmetry. These recom- 
pression waves are indicated in Fig. 1 by the discontinuous bright 
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Fig. 1   Mie scattering image acquisition system. 

bands near the right center of the image. Lower velocity fluid or 
the inner edge of the shear layer does not possess sufficient kinetic 
energy to negotiate the recompression process and is tumed back 
toward the base, forming a lai:ge recirculation region. Because the 
air in this region is at relatively low velocity, and is therefore warm, 
condensed ethanol is not present, and light scattering by the lasei 
sheet does not occur. A point, Xr in Fig. 2, exists where the mean ve- 
locity along the axis is zero and is termed the reattachment point." 
This point delineates the recirculation region immediately behind 
the base from the trailing-wake region. 

Bourdon and EHitton^ have recently completed a detailed study 
of the size, shape, and orientation of the large-scale turbulent struc- 
tures present in this flow. This study examined five specific region: 
in which various features of die mean flowfield are expected to have 
die greatest influence. These locations are shown in Fig. 2. Positions 
A and B are in the postseparation shear layer, before the strong influ- 
ence of the adverse pressure gradient. This strong adverse pressure 
gradient is in full elTect by position C, and position D is located al 
die mean reattachment point. Position E is located in die trailing 
wake that develops downstream of die reattachment point. 

Figures 3 and 4 show instantaneous side- and end-view images, 
respectively, from imaging locations B-E. Images from positior 
A have been excluded for die sake of brevity; qualitatively, they 
are very similar to diose at position B. The side-view turbulenl 
structures (Fig. 3) appear to be dramatically enhanced in size by the 
adverse pressure gradient (position C). They also appear much more 
organized in the developing wake (position E), partially because ol 
the lower convective Mach number in ttiis region (0.49 vs about 1.3 
farther upstream; see Table 1). The turbulent structures generally 
appear to be more regularly spaced in die end views (Fig. 4) dian ir 
the side views. There is a relatively constant number of structures 
in each fhime at each end-view imaging position, but this numbei 
decreases widi downstream distance. These end-view structures also 
occupy a larger percentage of die core fluid area with increasing 
downstream position. 

Results and Discussion 
The current study examines die same five imaging positions as 

die earlier Bourdon and Dutton^ study (Fig. 2) and quantifies die ef- 
fects of flapping and mixing interface convolution in these regions. 
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Fig. 2   Instantaneous global composite image of near-wake flowiield and illustration of fields of view used. 

local 

Position B Position C 

local 

Position P Position E 
Fig. 3   Instantaneous side-view images typical of those gatliered at po- 
sitions B-E. 

Position B Position C 

Position D Position E 

Fig. 4   Instantaneous end-view images typical of tliose gathered at po- 
sitions B-E. 

Reference 2 presented only ensemble-averaged results for the mean 
large structure size, angular orientation, and eccentricity and did 
not consider flapping or convolution of the shear layer, as discussed 
here. The techniques used in die current work aid in interpreting 
the spatial correlation analysis and LDV measurements previously 
performed in this flowfield and provide a vital link between the over- 
all nature of the shear layer and the large-scale turbulent strucmres 
that dominate its development. The five imaging positions shown 
in Fig. 2 were chosen to characterize best the behavior of the four 
major regions of interest (postseparation shear layer, recompres- 
sion region, reattachment region, and developing wake) along the 
path of the reattaching shear layer. The locations of and other per- 
tinent information about the five imaging positions are presented 
in Table 1. The convective Mach number and velocity shear layer 
thicknesses presented in Table 1 were estimated from die LDV data 
of Herrin and Dutton." Approximately SOO images were acquired 
at each imaging position and in each view. Ensembles of this size 
were found by Smith" to produce converged mean and rms images. 

Note that the Mie scattering thicknesses are approximately 40% 
of the velocity thicknesses reported by Herrin and Dutton'^ in the 
same flowfield and correspond to approximately the 90-50% mean 
velocity locations, or roughly the outer-half of the shear layer. This 
difference results because the intensity gradient visualized with the 
Mie scattering technique is generated entirely by low-temperature, 
that is high-speed, fluid, which lies in the outer-half of the shear 
layer. Thus, when considering these results, one must keep in mind 
that the structures seen in the images and the statistics presented are 
for effects seen in this outer region. 

Shear Layer Large-Scale Motion Analysis 
The large-scale motion (or flapping) of the shear layer is an im- 

portant factor in determining the turbulence mechanisms that act 
on the shear layer and in interpreting odier experimental results. 
The motion of the shear layer can indicate die presence of global 
instabilities, for example, axisymmetric or helical motion, that may 
not be detected by spatial covariance analysis.''^-^ Also, if a shear 
layer is actively flapping, it can artificially increase LDV turbulence 
statistics and smear image covariance analyses. For these reasons, a 
technique has been developed to characterize the nature of die shear 
layer large-scale motion. 

Side View 

In the side-view orientation, we assume that the large-scale mo- 
tion occurs normal to the mean local shear layer isointensity lines. 
With this assumption made, the bulk shear layer motion can be char- 
acterized by obtaining a spatially averaged shear layer position from 
each instantaneous image. Such averages were used to limit the ef- 
fect that the passage of a single laige-scale structure would have 
on the perceived flapping measurement. This average is determined 
by collapsing the image in die streamwise direction to obtain the 
transverse intensity profile. The shear layer position is then deter- 
mined by locating the intensity level that is 20% of the maximum 
value, which !q)proximates the inner edge of the shear layer. The 
instantaneous intensity profile across the shear layer dius obtained 
is relatively insensitive to skewness in the shear layer's position, and 
so this technique is not ideal for detecting motion that is not normal 
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Fig. 5   Spatially averaged instantaneous intensity profile from a typical 
side-view image. 
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Fig. 6   Histograms of transverse sliear layer motion at positions A, C, 
D, and E gathered from side-view images. 

to the mean image isointensity lines. See Fig. 5 for an example of a 
streamwise-averaged intensity profile from an instantaneous image. 

Figure 6 shows probability density functions (PDFs) of the shear 
layer displacement from its mean location normalized by the local 
shear layer thickness h'/Sioai as seen in the side views at positions 
A and C-E. The results at the upstream locations, positions A, B 
(not shown), and C, display a nominally Gaussian shape with a pro- 
nounced central peak. The near-Gaussian PDF shape at these loca- 
tions indicates the presence of a single preferred shear layer position. 
In the reattachment region, position D, the distribution of instanta- 
neous displacement values is more uniform across the span of the 
PDF, losing the Gaussian shape observed at the locations upstream 
of reattachment. This demonstrates that there is no clearly dominant 
preferred shear layer position in the region surrounding the mean 
reattachment point. Incoherent flapping motions in this region are 
yet further indications of the decrease in turbulence structure organi- 
zation that accompanies the reattachment process.'" The displace- 
ment histogram displays a bimodal or possibly even trimodal shape 
at position E in the trailing wake, and the PDF is even wider than at 
the upstream locations. The lower convective Mach number at this 
wake location (Mc = 0.49) allows for a higher degree of turbulence 
organization and better defined peaks in the shear layer displace- 
ment histogram than at position D. An illustration of the shear layer 
displacement at position E is shown in Fig. 7. The images in Fig. 
7 are representative of typical images from the two displacement 
peaks of the PDF near h /&\aai = ±0.2. Note that there is no obvi- 
ous difference in the turbulent structure between these frames. This 

h'/5,oc.i = +0.2 h75toc = -0.2 
High mode Low mode 

Fig. 7   Side-view shear layer displacement at position E. 
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Fig. 8 Side-view rms displacvmcnl of freestream/shear layer bound- 
ary from mean position normaliicd by local shear layer thickness for 
positions A-E. 

motion could be due. then, to differences in the amount of fluid 
escaping from the recircuiation region at each instant imaged. 

The rms displacement of the tide-view motion at each imaging 
position is plotted in Fig 8. for both the present axisymmetric geo- 
metry and the planar geometry studied by Smith and Dutton.' This 
normalized representation (by i^ai) is most appropriate for judging 
the local significance of the flapping motions and their effects on 
the local turbulence structure Therefore, this view of the shear layer 
motion provides a more relcvini vantage point when determining 
the effect that these motions will have on turbulence quantities that 
have been gathered by LDV or other pointwise velocity measure- 
ment techniques in this flo>». for example, interpretation of flapping 
unsteadiness as turbulence 

As shown in Fig. 8, the rms fluctuations of the shear layer position 
are up to 25% of the local thickness in the axisymmetric base flow. 
The planar shear layer results are consistently larger than the ax- 
isymmetric results, except at position B where they are equal. This 
suggests that the geomemcal constraints placed on the axisymmet- 
ric shear layer as it approaches the axis of symmetry tend to dampen 
large-scale motions. 

In both geometries, the normalized rms displacement generally 
increases at successive axial locations, until the reattachment point, 
position D. The reduced flapping (in relation to Jiouu) at this location 
is consistent with the symmetry condition that must be enforced 
(in a time-averaged sense) as the shear layer approaches the axis 
and reattaches onto itself. This reduction is slightly weaker in the 
planar case because the reattachment process in that case occurs 
along a line, whereas in the axisymmetric case, it occurs at a point. 
This streamline convergence for the axisymmetric geometry has 
been shown" to stabilize the turbulence field. The increased ims 
displacement at position E can be attributed more to the presence 
of multiple preferred positions (Fig. 6) than to a pure broadening 
of the PDF as noted at the initial imaging locations, positions A-C. 
Considering that the Mie scattering thickness Jiocai is less than half of 
the velocity thickness at each location (Table 1), these rms flapping 
motions are rather small, all being less than 15% of the local velocity 
thickness. 

Because normalization by the local shear layer thickness was used 
in Fig. 8, this plot displays a different trend than that viewed when 
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A^ is nondimensionalized by a constant length scale, such as the 
base radius. This interpretation indicates that the shear layer flap- 
ping fluctuations are very small in a dimensional sense (about 1 mm 
or 3% of the base radius) before reattachment, and they increase by 
a factor of over four at the imaging position in the developing wake. 
This agrees well with what was seen by direct observation while ex- 
periments were performed. The flapping motions, from a global or 
dimensional perspective, are negligible through the reattachment re- 
gion. Only in the wake development region are the flapping motions 
significant compared to the base radius. 

End View 
In many respects, it is much more natural to view the effects 

of flapping and pulsing motions in the end view than in the side 
view. In this view, a global perspective of the shear layer is seen a 
given distance downstream of the base. Because the end view of the 
axisymmetric shear layer is a nominally circular, closed curve, the 
bulk motion is not derived using the same technique as was used for 
the side view. The motion viewed as flapping in the side view can be 
separated into two distinct types of motion in the end view: pulsing 
(or expansion/contraction) of the core region and displacement of 
the centroid of the shear layer. Therefore, a technique has been 
developed to isolate these two effects. 

The nominally circular shape of the end-view shear layer can be 
exploited to develop intensity profiles across the shear layer similar 
to those from the side view. A circumferentially averaged radial 
intensity proflle about the instantaneous core centroid is generated 
similar to the linearly averaged profiles in the side view. Core fluid 
is defined for this purpose as any pixel that has an intensity of less 
dian 20% of the average intensity in the freestream, and the centroid 
is defined as the area center of all core fluid pixels. The variation in 
area occupied by the core fluid indicates the magnitude of pulsing 
motions, whereas the motion of the core fluid centroid characterizes 
the displacement of the shear layer from its nominal position. 

Scatter plots of the instantaneous core-region centroid positions, 
normalized by the local shear layer thickness, are shown for the end 
views at imaging locations B-E in Fig. 9. The discretized appearance 
of the instantaneous centroid positions at position B is an artifact 
of the resolution of the CCD camera. The diameter of the core fluid 
region at positions A and B is approximately 4(X) pixels, whereas 
the instantaneous centroid position varies at these locations by only 
approximately 5 pixels in any direction. 

The magnitude of the centroid-position variations at imaging lo- 
cations A (not shown) and B in the shear layer are similar, with 
roughly random variations in all four quadrants, at a maximum 
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Fig. 9 Maps of instantaneous recirculation/wake core centroid position 
at imaging locations B-E, end view; Y and Z are vertical and horizontal 
directions, perpendicular to the downstream direction X. 

a) Position C, left displacement       c) Position E, left displacement 

b) Position C, right displacement      d) Position E, right displacement 
Fig. 10 Instantaneous images demonstrating centroid motion along 
Zaxis. 

of about 0.2 shear layer thicknesses about the mean location. The 
centroid-position variations at the mean reattachment point, posi- 
tion D, are also similar to those at positions A and B in distribution, 
but with a slightly larger magnitude (Fig. 9). Positions C and E in 
the adverse pressure gradient and developing wake regions, on the 
other hand, exhibit a horizontal, sloshing type of motion, predomi- 
nantly along the Z axis. The magnitudes of the centroid motions at 
these two locations are also much larger than at the other stations. 

The sloshing motions exhibited at positions C and E require fur- 
ther examination. Instantaneous images that illustrate this motion 
of the centroid along the Z axis are shown in Fig. 10. It is clear 
after examining these images that the large, mostly horizontal cen- 
troid displacements at these locations are caused by an asymmetry 
in the distribution of the largest turbulent structures about the shear 
layer circumference. This is evidence that the apparent flapping or 
unsteadiness visualized in the end-view orientation in this flow is 
caused predominantly by the passage of these very large structures, 
which is similar to the results found in incompressible, axisymmet- 
ric jets.' 

This large-scale structure asymmetry could possibly be due to 
a double-helix instability that alters the organization of the large 
structures and is somehow anchored in these regions to allow only 
horizontal motions. These centroid-position results could also be 
caused by slight misalignment of the sting/afterbody in the annular 
converging-diverging nozzle of the flow facility. Further analysis 
has indicated that this latter explanation is unlikely, however. Ro- 
tating the afterbody has little or no effect on the axis of the sloshing 
motions, and oil-streak visualizations on the base do not indicate any 
flow asymmetry. However, if either misalignment or helical modes 
are responsible for this asymmetry, it is difficult to understand why 
it is only present at positions C and E, and not at A, B, and D, and 
why it occurs mostly along a single axis. Perhaps the lack of similar 
motions at the early imaging locations, positions A and B in the 
postseparation shear layer, can be attributed to the constraint placed 
on the shear layer motion by its proximity to the base and the lack 
of strong pressure gradients in the freestream. It is also possible that 
there is asymmetry in the turbulent structure organization at these 
locations, but the scale of the structures in relation to the recircula- 
tion region is so small diat die effects are below the resolution limit 
of the CCD camera. The effects of lateral streamline convergence 
and axisymmetric confinement at the mean reattachment point,^'* 
position D, may act to randomize the positioning of the large-scale 
structures, or turbulent structure amalgamation may be occurring in 
a way diat causes a more symmetric distribution of the structures 
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Fig. 11   End-view rms displacement of recirculation region/walce core 
centroid from mean position, normalized by local shear layer thiclcness. 
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Fig. 12   End-view rms variation of enclosed redrculation/wake core 
area normalized by the local mean area and base area at positions A-E. 

about the shear layer peripheiy in this region. Position C, with its 
characteristically large adverse pressure gradient and recompression 
waves, and position E, with its lower convective Mach number and 
reaccelerating wake core fluid, may be most susceptible to large- 
scale motion of the centroid. Further work is needed to determine 
the root cause of this curious behavior. 

The rms radial displacement of the end-view centroid from its 
mean location, scaled by the local shear layer thickness, at all five 
imaging locations is plotted in Fig. 11. The rms end-view displace- 
ment (h'^Sioai) in Smith and Dutton's planar reattaching super- 
sonic flow' is plotted alongside the axisymmetric results. Although 
the two measurements are not precisely of the same motion, that is, 
the planar measurements do not differentiate pulsing and translating 
motions, the similarity between the results at the various positions 
is clear. This suggests that the mechanisms responsible for these 
motions must be quite similar in the two geometries. The sloshing 
motions at positions C and E for the axisymmetric case cause large 
peaks with magnitudes in the range of 30-40% of the local shear 
layer thickness, whereas positions A, B, and D all have magnitudes 
of less than 15% of the local thickness. The end-view motions for 
the planar case are generally larger than those for the axisymmetric 
base, except in the adverse pressure gradient region, position C. 
Figure 11 is valuable in determining the effect that these motions 
may have on pointwise velocity statistics; clearly these effects are 
largest at positions C and E in the adverse pressure gradient and 
wake development regions. 

Just as in the side view, the end-view flapping motions appear 
quite different when viewed from a global, dimensional perspective. 
Aside from the motion at position E in the trailing wake, the centroid 
position varies by less than 4% of the axisymmetric base radius. 
At position E, the rms value of the centroid-position fluctuation 
increases to approximately 16% of the base radius. 

Figure 12 shows the rms fluctuation of the normalized recircula- 
tion/wake core fluid area for the five imaging locations of this study 
normalized by both the local mean area and the area of the base. The 
rms variation is small, less than 6% of the local Aman, at positions 
A-D, and is quite large, just under 25% of A,x^, at position E in 
the near wake. Recall, however, that the percentage of the instan- 

taneous area of the wake core at position E that is composei 
large turbulent structures is much higher than at previous locatii 
and the wake core region is of a smaller absolute area comps 
to locations A-C (Fig. 4 and Table I). Therefore, the much la 
percentage area variation at this location is a result of the increai 
contribution of the largest turbulent structures to the relatively si 
wake core area. Note in Fig. 12 the trend to lower rate of increas 
the area variation between positions B and C (Amemi normalizat 
as compared to between the other locations. Therefore, the advi 
pressure gradient (which is present at C but not at A and B) act 
reduce the rate at which the area variations grow as the flow ] 
ceeds downstream. The growth of area fluctuations does incn 
slightly between positions C and D as compared to between 1( 
tions B and C. This enhanced area variation in the neighborh 
of reattachment suggests that the instantaneous reattachment p 
translates upstream and downstream, as expected. 

Discerning the absolute magnitude of these area fluctuation 
difficult when they are scaled by the local enclosed area Amcm- Th 
area fluctuations can be critical in judging the relative strength 
the expansion/contraction motions as they progress downstre 
Therefore, the area variations are also plotted in Fig. 12 as norr 
ized by the (constant) base area. One interesting feature illustn 
by this normalization is the substantial increase in dimensional: 
fluctuations at position B, as compared to A, and the steady 
crease through the recompression and reattachment processes, 
the upstream positions A and B, axisymmetric effects are negligi 
because the shear layer is far from the axis. The recompression: 
reattachment processes, on the other hand, are a direct result of 
shear layer approaching the axis of symmetry. Note also that 
rate of decrease in the magnitude of area fluctuations increase: 
the shear layer moves closer to the symmetry axis at reattachm 
position D. At position E in the trailing wake, the area fluctuati 
are greatly enhanced, even though the wake core/freestream in 
face is very near the axis. Thus, it is the impingement of the sh 
layer on the symmetry axis at reattachment that inhibits area-ba 
fluctuations in this region. Note, however, that the rms area flue 
ations at all imaging locations are relatively small in a dimensic 
sense, being less than 6% of the base area in all cases. 

Mixing Interface Convolution Analysis 
Valuable information is gained from examining the area avaiU 

for mixing at a given location. If the interface between the freestre 
and recirculating fluid is defined, and its length measured and cc 
pared with a limiting case, the mixing potential of that region car 
examined. The limiting case is defined here as the boundary sh 
for a given geometry for which minimum mixing would occur, 
example, in either a side view or end view of a planar shear la; 
the limiting boundary shape would be a line, whereas in the ( 
view of a round jet, a circle would be the limiting case. 

An arbitrary contour, corresponding to 15% of the maximum 
eraged intensity in the shear layer of a given image, was cho 
to represent the actual mixing interface in this convolution stu 
Figure 13 presents a sample end-view image from position E, 
interface between the freestream and core fluids, and the area 
closed within this interface. Testing of this technique shows thi 
is fairiy robust and insensitive to the intensity level chosen to m 
the interface, within the range of 5-15% of the peak mean inten: 
value in each image. 

Note that the image resolution of these experiments is not a 
quate to resolve small-scale mixing. However, the goal of this sti 
is to examine die effects of the large-scale structures on the de\ 
opment of the shear layer rather than to quantify mixing characl 
istics at the smallest scales. Therefore, a series of filters was appl 
to remove smaller structures and irregularities from the interifa 
These filters set an effective lower limit on the degree of cur 
ture or irregularity that registers at the boundary that separates 
freestream and core fluids. The limit can be changed to reflect 
differences in scale from one image set to the next to ensure t 
consistent boundary resolution is applied throughout the study 
the present investigation, the mean shear layer occupies appro 
mately one-third of the image frame at each location, so that i 
filtering parameters were held constant throughout the analysis. 
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Fig. 13   Shape factor 2.19: a) sample end-view image, b) l>order of 
sample image, and c) enclosed area. 

Examining the shape factors (defined as the actual to minimum 
interface length) of large ensembles of images at a given location in 
the flowfield aids in understanding the nature of the turbulence in 
that region. The nature of the frequency histogram, that is, the num- 
ber and strength of peaks, and the mean and standard deviation of 
the histogram yield valuable information about the organization of 
the large-scale suuctures. The height and breadth of the histogram 
peaks indicate how consistent and repeatable the large-scale struc- 
ture pattern is. Also, when this analysis is viewed in conjunction 
with information about die mean size, shape, and orientation of the 
large-scale structures,^ die relative abundance and variety of turbu- 
lent structures at a given location can be conjectured. 

Side View 
In die side-view orientation, the mean shear layer is essentially 

a linear interface. In such a geometry, minimal mixing will, thus, 
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Fig. 14 Histograms of interface shape factors: a) position A side view, 
b) position D side view, c) position A end-view, and d) position D end 
view. 

occur for a straight-line interface. Therefore, the proper shape fac- 
tor in this view is defined as the instantaneous shear layer length 
ratioed widi the local mean (linear) shear layer length. The more the 
instantaneous interface deviates from linearity, the higher the value 
of the shape factor and the greater die potential for mixing. 

Figures 14a and 14b present histograms of the instantaneous side- 
view shape factors for positions A and D. These histograms are 
representative of the side-view shape factor histograms at all five 
imaging locations. Note that the most probable shape factor and the 
shape factor variability (PDF width) shown in the side-view his- 
tograms generally increase at successive locations. Also, unlike the 
histograms presented in the last section for shear layer motion, diese 
histograms suggest a gamma distribution of shape factor values. Be- 
cause the mean values at all imaging positions are relatively close 
to unity, the lower range limit, and the rms deviation is relatively 
large, this is intuitively logical. A process with these characteristics 
naturally fits a distribution such as the gamma distribution, which 
is skewed toward lower values. This distribution shape remains rel- 
atively consistent through all five imaging locations. 

The mean shape factor increases monotonically with increased 
downstream distance in the side view for both the axisymmetric and 
planar geometries (Fig. 15a). There is a close similarity between 
die results for the two geometries. The absolute value and rate of 
increase of the shape factor in the side-view orientation are slightly 
larger for the planar geometry, but die other major trends are vir- 
tually identical. This suggests diat die degree of convolution of die 
shear layer is relatively insensitive to parameters that differ between 
the two geometries in each measurement region, such as the loca- 
tion of die peak Reynolds stress or the effect of lateral streamline 
convergence.'* 

The shape factor increases monotonically and at a relatively con- 
stant rate throughout die separated flow region, positions A-D, for 
the axisymmetric case. Therefore, the adverse pressure gradient and 
reattachment process have little or no effect on the side-view con- 
volution growdi, despite the rapid growdi in mean structure size in 
diis region.''^ Smidi" showed diat, for a planar reattaching base 
flow, the large-structure convection velocity decreases dramatically 
in die adverse pressure gradient region. Therefore, it is reasonable 
to speculate that the mean structure growth in this region is caused 
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Fig. IS   Side-view shape factors at positions A-E for l>oth axisymmetric 
and planar' geometries: a) mean and b) mis. 

by amalgamation of the large turbulent structures fonned upstream 
and that enhancement of mixing (and increased shape factor) is not 
large through this region. This amalgamation process may occur as 
Oh and Loth" propose for compressible shear layers, that is, that 
the large-scale structures simply slap into one another and merge, 
without any significant transverse deflection or rotation about each 
other as occur in incompressible pairing processes.^" This type 
of merging process results because, as the convective Mach number 
increases, communication paths between large structures are sup- 
pressed, that is, pressure waves cannot travel upstream fast enough 
to communicate the preceding structure's presence before a colli- 
sion occurs between two structures." A mei;ging process of this 
type would also account for the significant decrease in mean struc- 
ture angle that accompanies the rapid increase in structure size in 
the adverse pressure gradient region.'-^ 

In the developing wake (between positions D and E) for both ge- 
ometries, the rate of increase of the shape factor is larger than in 
the initial portions of the postseparation shear layer that forms im- 
mediately downstream of the base, that is, between positions A-D. 
Therefore, the rate of increase of the shear layer convolution, and 
the size and organization of the large-scale structures, is most likely 
influenced by either changes in the velocity ratio, the reduced con- 
vective Mach number, or the enhanced growth of the wake thickness 
when compared to the growth of the shear lay er prior to reattachment 
(Table 1). 

The rms variation of the side-view shape factor increases almost 
linearly with increased downstream position between positions A 
and D for both planar and axisymmetric flows (Fig. 15b). This shows 
that the variability of the interface convolution caused by the turbu- 
lent structures increases steadily in the stream wise direction regard- 
less of the flow mechanisms acting on the structures. Position E is the 
exception to the pattern; the rate of increase of the rms shape factor 
between D and E is higher than between the initial locations. This lat- 
ter result could be due to the dominance of very large structures at po- 
sition E. Variations in the number of these lai;gest structures that are 
captured in a given image could lead to large variations in the instan- 
taneous shape factor at this location and, thus, to a large rms value. 

End View 
In the end-view orientation for the axisymmetric case, the shear 

layer forms a closed contour, for which minimum mixing will occur 
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Fig. 16   End-view shape factors at positions A-E for both axisymmetrk 
and planar' geometries: a) mean and b) rms. 

when the shear layer is circular. The shape factor is then defined ai 
the actual instantaneous interface perimeter ratioed with the mini 
mum (circular) perimeter enclosing the equivalent area. The instan 
taneous end-view shape factor histograms are much less skewec 
toward low values than those obtained in the side-view orientatior 
and appear approximately Gaussian; see Figs. 14c and 14d for th( 
end-view shape factor histograms at positions A and D. The varia 
tion of the instantaneous shape factor, that is, histogram breadth, i: 
also smaller at each station in the end views than in the side views 
especially at the initial imaging locations. This suggests a highei 
degree of consistency of the structures visualized in the end view 
than in the side view, which results from the relatively constant num- 
ber of large-scale structures present in each frame for each imaginf 
position of the end views (Fig. 4). 

The mean shape factor values for all five end-view imaging po- 
sitions are shown in Fig. 16a for both the axisymmetric and planai 
bases. The shape factor is seen to increase monotonically with in- 
creasing downstream distance from separation for both geometries 
Consistently larger shape factor values are seen at each positior 
and in both the side view and in the end view for the planar case 
Bourdon and Dutton^ have shown that the geometry of the sepa- 
rated flow region has little effect on the growth of the large-scale 
turbulent structures outside of the reattachment region. Therefore 
because the mean structures are similar for the two geometries, this 
larger shape factor value in the planar geometry must be related tc 
the organization or mean spacing of the structures. Figure 16 aisc 
shows that the adverse pressure gradient (between positions B and 
C) has little or no effect on increasing the rate of shear layer con- 
volution as the flow progresses downstream in the axisymmetric 
geometry. Therefore, if the proposed streamwise amalgamation o( 
the turbulent structures occurs in this region, it has no visible effecl 
on the rate of increase of the end-view shape factor. 

The axisymmetric reattachment process (position D) cleariy 
enhances the convolution of the enclosed fluid boundary in the 
end view. This result is to be expected because of the highly 
three-dimensional nature of the reattachment process. The three- 
dimensional nature is also evident because the side- and end- 
view mean shape factor values are approximately equal at the 
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reattachment point. The rapidly decreasing number, but increas- 
ing size, of structures present due to structure amalgamation and 
shrinking core fluid area are also key features of the flow in this 
region, and they contribute to the enhanced shape factor values at 
position D. These latter features are clearly seen in die example im- 
ages presented in Fig. 4. Because the planar reattachment process 
does not involve the circumferential confinement effects seen in the 
axisymmetric reattachment process, litde or no change in the shape 
factor growth rate at position D in the end view is observed. 

After the reattachment process is complete, the axisymmetric con- 
finement effects that cause the increased shape factor growth rate 
are relaxed, and the rate returns to the prereattachment region val- 
ues. The end-view shape factor continues to increase in the trailing 
wake, position E, approaching a value of 2 for the axisymmetric 
case and 2.4 for the planar case. Note diat the end-view shape factor 
values recorded in the current study span the same range observed 
by Glawe et al.'^ in their study of parallel injection from the base 
of a strut into a supersonic coflow. 

The rms shape factor evolution (Fig. 16b) displays an approxi- 
mately piecewise linear increase in the downstream direction, with 
a distinct change in slope occurring at position C in the recompres- 
sion region for the axisymmebic case, and at position D near the 
reattachment point for the planar geometry. In these downstream 
regions, there are fewer but larger turbulent structures in the end 
views, and so this may lead to the increased shape factor variabil- 
ity. These regions also coincide with die peak Reynolds shear stress 
locations in the two geomeuies."-^ Thus, the increased levels of 
shear stress (and general turbulence activity) may lead to a more 
variable instantaneous shear layer convolution at this location. 

Conclusion 

The nature of the unsteady motions and interface convolution has 
been examined in an axisymmetric supersonic separated flow. This 
study has shown that both flapping (displacement) and area-based 
pulsing motions along the interface between the freestream and re- 
circulation/wake core regions generally increase in relation to the lo- 
cal shear layer thickness or local enclosed area with increased down- 
stream position. The only exception to this pattern occurs at the mean 
reattachment point, where fluctuations are somewhat suppressed 
when compared to adjacent imaging positions, llie convolution of 
the interface between the freesU'eam and recirculating or wake core 
fluid is also shown to increase with downstream position, with a 
pronounced increase in the side-view shape factor value between 
the mean reattachment point and die imaging location in the wake. 
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Supersonic Separated Flow 
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The Bow along the afterbody and in the base region of a circular cylinder with a length-to-radius ratio of 3.0 
aligned at a 10-deg angle of attack to a nominal Mach ZS fkeestream has been investigated experimenUlly. The 
objective is to better understand the mechanisnis that control base flow for supersonic bodies with a nonzero- 
angle-of-attack orienution. Laser Doppler velocinietry measurements were conducted in the incoming boundary ' 
layer to quantify the initial conditions at the onset of three^imensional behavior. Schlieren and Mie scattering 
visualizations were obtafaicd to discern govemhig flow features and to image the iarge^cale turbulent structures 
of this separated flow. Surface oil-streak visualiiations were obtained to determine the three dtanensionality of 
the afterbody surface flow and to deduce the base surface flowrfidd. Pressure-sensitive paint measuremcnU vrere 
completed to determine the spatial evolution of surface pressure along the cyluidrical body at ai^ of attack and 
to determine the change ui base pressure caused by mclination of the body. Results provide evidence irf expected 
mean-flow features, including base-comer expansions, separated shear layer devehqirocnt, rccompressioo shocks, 
and a turbulent wake. No evidence of lee-side flow separation was detected along the afterbody. However, a strain 
secondary circumferential flow, which develops along the afterbody due to pressure gradients on its surface, results 
in the entrainment of fluid into the base region from the leeward portion of the flow. The average base pressure 
ratio measured for the angle of attack case is 48.4% hiwer than that measured for zero angle of attack, resulting 
in a significant increase in base drag for cylindrical objects inclined at angle of attack. 

Nomenclature 

A„ = fining parameters 
c, = skin-friction coefficient 

Cr = pressure coefficient 
H = compressible shape factor, S'/6 
1 = imensity of fluorescence 
L = afterbody axial length 
M = Mach number 

P = sutic pressure 
R ss afterbody base radius 
r s: radial coordinate 
r' = radial coordinate of approach flow 
u. s friction velocity 
V = mean velocity 
X = axial coordinate 
x' s axial coordinate of approach flow 
z = spanwise coordinate 
a = angle of attack 
Y = ratio of specific heats 
i = boundary-layer thickness 
&' = boundary-layer displacement thickness 
0 S£ boundary-layer momentum thickness 
v.. = kinematic viscosity at the wall temperature 
n = boundary-layer wake strength parameter 
<P = circumferential coordinate 

Subscripts 

b = base value 
ref = reference value 
x' = approach axial component 
00 = freestream value 
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Introduction 
THE large contribution of base drag to the total drag about (cylin- 

drical bodies makes understanding of the fluid dynamic inter- 
actions that govern supersonic base flows critical to the improve- 
ment of aerodynamic vehicle performance. As a result, considerable 
effort has been expended not only to measure axisymmetric, super- 
sonic base flows experimentally,*'^ but also to model the flowfields 
numerically.'"" Although these previous studies provide detailed 
insight into the characteristics of a supersonic base flow at zero an- 
gle of attack, including boattail and base-bleed effects, this single 
test case does not account for all flight conditions experienced by 
supersonic vehicles. Rockets, missiles, and other aerodynamic ve- 
hicles spend a considerable portion of their flight paths wiented at 
nonzero angle of attack. In addition to the zero-angle-of-attack base 
flow features, three-dimensional effects are introduced during flight 
at angle of attack that significantly affect the flowfield behavior. 

Figure 1 isaschematic of supersonic flow aboutacylindrical sting 
with a sudden turn to a finite angle of attack a at some point along 
its length. Traditional supersonic base flow features during zero- 
angle-of-attack flight, such as expansion waves at the base-comer 
separation point, development of a compressible free shear layer, a 
base recirculation region, a series of recompression shocks, and a 
trailing wake also exist in this flow. In addition, for sufficiently large 
angle of attack and body length, counter-rotating symmetric vortex 
wakes will also develop on the lee side of the object.'^ For a given 
freestream Mach number, the strength of these lee-side vortices 
increases with body length-to-diameter ratio and angle of attack. 
Complete understanding of the fluid dynamic interactions between 
the three-dimensional afterbody flow and that in the base flow region 
is necessary to accurately predict flight performance. 

Although detailed flow chaiacteristics of the three-dimensional 
leeward vortices have been measured in previous studies,'^ interfer- 
ence from downstream model supports has resulted in limited ac- 
curate experimental pressure data in the base region for supersonic 
flight at angle of attack. In a review of supersonic base-pressure 
data at angle of attack. Lamb and Obeilcainpf" found only two ex- 
perimental studies without interference effects. In the first study, 
completed by Pick,'* the trajectories of cones launched into a hy- 
personic flow at varying angles of attack were recorded in a motion 
picture, which was then utilized to detemiine base pressure. The sec- 
ond study, completed by Moore et al.,'' measured the base pressure 
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behind a cylindrical body with body length-to-radius ratio of 14.4 for 
varying angles of attack and freestream Mach numbers. Although 
these studies provide excellent pressure measurements at the base 
surface, that is essentially the limit of their contribution. To date, no 
detailed flowfield measurements have been completed to determine 
the fluid dynamic processes that control the behavior of a supersonic 
base flow at angle of anack. 

This lack of detailed experimental flowfield data has hindered 
the effons of numericists to validate computational models used in 
predicting base flow charaaeristics. In a recent review of numeri- 
cal works. Sturek et al." cited a number of computational studies 
that modeled the flowfield around cylindrical bodies at angle of at- 
tack. However, the results of these investigations were not extended 
to the base region due to a lack of experimental data for compari- 
son. In addition, Sahu'^" has modeled base flow at angle of attack 
in the transonic flight regime and for various types of base cavi- 
ties. These studies presented both velocity vector fields and Mach 
number contours in the base recirculation and wake regions of Ac 
flowfield. Clearly, detailed experimental dau are needed to validate 
and improve computational models of this nature. 

In the current investigation, experiments were conducted to vi- 
sualize and measure the flowfield behind a cylindrical afterbody 
positioned at angle of attack in a supersonic Row. Two-component 
laser Doppler velocimeter (LDV) measurements of the incoming 
boundary layer are included to verify the interference-free nature 
of the approach flow and to provide initial conditions for computa- 
tional modeling. Flowfield visualizations were obtained to provide 
a qualitative view of the general flow structure in the base region. 
In addition, surface-flow visualizations are included to depict the 
flow pattern along the afterbody and on the base itself. tnnaUy, de- 
tailed pressure-sensitive paint measurements are presented along 
the afterbody and on the base surface, thus provi(Ung a means for 
comparison of base pressure to results measured at zero angle of 
attack.-' These data will help to improve understanding of this com- 
plex, three-dimensional, compressible, separated flow and will aid 
in numerical modeling of supersonic base flows at angle of attack. 

Experimental Facilities and Procedures 
All experiments were conducted in the University of Illinois Gas 

Dynamics Laboratory in a blow-down-type supersmiic wind tun- 
nel designed specifically for axisymmetric base flows. In this fa- 
cility, compressed air passes from a stagnation chamber, through a 
combination screen-honeycomb flow conditioning section, and into 
an annular converging-diverging (C-D) nozzle to reach supersonic 
conditions. The supersonic freestream flow then passes into the test 
section before finally exiting through a conical difiiiser into a silenc- 
ing duct. A hollow, annular sting, aligned cm the tunnel centeriine, ■ 
is supported far upstream of the nozzle to prevent support inter- 
ference effects in the supersonic region of the tuiuiel (see Fig. 1). 
The experimental afterbody is attached to the downstream end of 
the sting via internal threads and consists of a 63.S-mm-diam cylin- 
drical base inclined to create a 10-deg-angle-of-attack afterbody 

with a length-to-radius ratio of 3.0. The afterbody is fabricated of 
brass (alloy 360) and is machined to a surface roughness of approx- 
iiiutely 0,25 ^m. During run-on conditions, it is estimated that the 
asymmetric pressure field creates at most a 3S-/tm deflection of the 
afterbody. Optical access to the afterbody and near-wake regions 
is available from three sides of the test section to allow for non- 
intiusive measurements and visualizations. A complete description 
of this facility is included in Ref. 19. The mass flow rate (approxi- 
mately 7 kg/s) of this tuimel and stagnation pressure (approximately 
S6S kPa absolute) needed to maintain matched pressure conditions 
at the C-D nozzle exit prevents tunnel tun times from exceeding 
25 s. 

A schematic of the experimental afterbody inside the axisym- 
metric nozzle is shown in Fig. 1. A cylindrical coordinate system 
is generally used in the presenution of the current results with the 
origin at Ae base center. Axial x displacement is measured along 
the normal to the base with positive values oriented in the down- 
stream direction. Radial distance r is measured outward from the 
base center. Circumferential angle 0 is measured from 0 deg on 
the windward to 180 deg on the leeward side of the afterbody in 
a clockwise (when looking downstream) direction. For incoming 
boundary-layer velocity profiles, a modified streamwise-transverse 
cotntlinate system (x'-r') is aligned with the incoming freestream, 
and its origin is placed at the angular discontinuity. Because the an- 
gular discontinuity position varies circumferentially (the afterbody 
is actually longer on the lee side than the windward tide to create a 
smooth joint at the 10-<leg discontinuity), the position where x'=0 
corresponds to the location where the angular discontinuity exists 
in the plane of interest for a particular measurement. 

Conventional schlieren photography, using a 1.4-/is duration 
spaik light source, was utilized to investigate the general feahires of 
the base-region flowfield and to ensure that no interference effects 
were present in the wind tunnel during operation. More detailed 
views of the near-wake flow structure were obtained using a Mie 
scattering technique similar to that utilized by Smith and Dutton.*" 
In this visualization method, ethanol is injected far upstream of the 
C-D nozzle, where it vaporizes and mixes with the carrier air, and is 
then condensed into approximately O.OS-ftm-diam droplets during 
acceleration to supersonic speeds in the annular C-D nozzle. These 
droplets are easily small enough to track the accelerations in this 
high-speed separated flow.^ A Nd: Yag laser with beam-shaping op- 
tics is used to form a laser sheet that illuminates a thin plane (^iprox- 
imately 200 nm thickness) of the ethanol mist for 6-8 ns per laser 
pulse. This short illumination time effectively freezes the turbulent 
structures in space and allows for quasi-instantaneous images of the 
flowfield to be captured with a 14-bit, high-resolution, unintensified 
charge-coupled device (CCD) camera. Approximately 30 images 
were acquired at each spatial location to create ensemble-average 
images and to ensure that flow features in individual instantaneous 
images were representative of the general flow structure. 

The two-component LDV system used in these experiments is al- 
most identical to the system lued in previous supersonic base flow 
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Studies conducted in the Gas Dynamics Laboratory.^'* The incom- 
ing flow was seeded by injection of siiicone oil droplets upstream 
of the C—D nozzle to prevent interference effects iiom the injec- 
tors in the supersonic flow. This injection system has been shown 
to provide droplets with a nommal 0.8-/im diam, which is small 
enough for accurate fluid velocity measurements.^' The four-beam 
crossing forms a probe volume 165 ^m in diameter with green 
and blue beam fringe spacing of 14.5 and 13.6 /im, respectively. 
The beam pairs were rotated to ±45 deg from the freestream flow 
direction to prevent fringe blindness. In addition, Bragg cells pro- 
vided a 40-MHz ftequency shift to the downstream beam of each 
pair to allow a clear distinction between forward and reverse flow. 
Scattered light was collected with 20-deg off-axis forward-scatter 
receiving optics, resulting in an effective probe volume length of 
700 ^m. Photomulliplier tubes convert the scattered light intensity 
into an analog voltage, from which the Doppler fiequencies and ve- 
locities are obtained through the use of an IFA-750 autocorrelation 
processor. Velocity was measured at approximately 35 wall-normal 
positions in each boundary-layer proflle, with 4000 instantaneous 
velocity measurements made at each spatial location to compute 
turbulent velocity statistics. The probe volume was physically posi- 
tioned with a computer-controlleid, three-axis traverse table capable 
of 0.75-^m spatial resolution in each direction. For the incoming 
freestream velocity of V'^ = 573 m/s, previous uncertainty analysis 
of these two-component LDV measurements'* has estimated worst- 
case uncertainties of 1.2% of V'oc in the mean velocity measurements 
and 2.3% of V^ in the rms velocity fluctuation measurements. 

Oil-streak visualizations were used to determine the surface 
streakline pattern both along the afterbody and on the base itself. In 
this experimental technique, a carrier fluid is mixed with lampblack 
and is applied to the surface of interest. During experimental oper- 
ation, the carrier fluid flows under the action of the surface shear 
stress distribution and eventually eviaporates, leaving the lampblack 
on the surface as an indication of surface flow direction. For the 
current experiments, the liquid used for the afterbody visualizations 
was a combination of 50% Three-in-One oil and lampblack. For 
base-surface visualizations, a combination of 50% diesel fuel and 
lampblack was used because the lower pressure in this region re- 
quired a more volatile carrier fluid for complete evaporation during 
the wind tunnel's maximum allowable run time. The surface-flow vi- 
sualizations were photographed using standard, 100-speed, 35-mm ' 
film. 

A series of l.S9-mm-diam pressure taps was placed on the af- 
terbody model to obtain static pressure measurements along both 
the afterbody and base surfaces. On the base, 17 pressure taps were 
located, with half of the taps located on the diameter between 0=0 
and 180 deg, and with the other half located on the diameter be- 
tween 0 = —90 and 90 deg. The spacing between each base tap is 
6.3S mm. On the afterbody surface, 20 taps are located, with 5 taps 
each located along the 0 = 0, 90, -90, and 180-deg longitudinal 
axes. Eight circumferemially equally spaced taps were positioned 
up.stream of the angle-of-attack joint (Fig. I) to verify that a Uni- 
foirn pressure field exists prior to the 10-deg afterbody turn. Mean 
static pressures were measured using a Pressure Systems, Inc., dig- 
ital pressure transmitter (DPT 64Q0-T). Although the pressure taps 
provide .some surface pressure data, pressure-sensitive paint (PSP) 
measurements were also completed to increase the spatisd resolution 
of surface pressure data and to allow for measurements of surface 
pressure closer to the afterbody edges than possible with static taps. 

PSP techniques have been used by a number of researchers^~^^ 
to measure surface pressure variations writh much greater spatial 
resolution than possible with static taps. In this experiment, the 
pressure tap data provided a calibration for in situ surface-pressure 
mea.surements using a PSP technique similar to that of Woodmansee 
and Dutton.-'* This method uses the following relationship between 
surface pressure and the intensity of fluorescence for a luminescent 
coating on the surface, where Ai,A2, and A; are fitting parameters: 

applied to the luminescent intensity field of the PSP to determine 
the pressure at ai^ point. 

liie PSP compound used in this study was developed at Old 
Dominion University and is made up of 85% 1.1,1-trichloroethane. 
15% GE RTV 118, and 300 ppm ruthenium bathophenanthroline 
chloride probe molecules.^ The PSP-coated afterbody and base 
surfaces were excited using 4S0-iim filtered light from two tungsten- 
halogen light sources. The tuimel-off (reference) and tunnel-on flu- 
orescence intensities were recorded using a 14-bit, high-resolution, 
unintensified CCD camera fitted with a 600-mn bandpass filter. Al- 
though the response time of the paint is too long compared to the 
turbulent timescales of this flow to allow for measurement of pres- 
sure fluctuations, ensembles of 20 images were averaged to ensure 
that the mean pressure field is represented correctly in the.resuhs. 
The uncertainty of the PSP measurements is estimated as less than 
3% of the pressure ratio yi/poo at tlie location of the measurement. 
This estimate is based on a previous study using the same PSP 
formulation.'^ 

Results and Discussion 
Approach Boundary-Layer Velocity Measurenwnts 

Nine separate boimdary-layer velocity profiles were measured 
prior to the angular discontinuity, with three profiles each measured 
in the 0=0,90, and 180 deg circumferential planes. All of fliese ve- 
locity profiles show a fully developed compressible turbulent bound- 
ary layer with no apparent interference waves. These experimental 
data were curve fit using the method of Sun and (Thilds^ for turbu- 
lent, compressible boundary layers. The resulting curve fit for the 
boundary layermeasuredat0=9O deg andx'/^ = —0.031 is shown 
in Fig. 2 in wall coordinates and is representative of all of the other 
boundary-layer profiles measured about the afterbody. Using the 
curve-fit results, boimdaty-layerpatameters and integral thicknesses 
were determined. The average of these nondimensional values for 
the three axial stations measured at x'/R = —0.031 is included in 
Fig. 2. These nondimensional values are consistent with those previ- 
ously measured in fidly developed, turbulent, compressible bound- 
ary layers.^'^^^ For example, the measured boundary-layer thick- 
ness S/R=0.103 compares favorably with the S/R = 0.10 value 
measured by LDV forthe zero-angle-of-attack case.-' The freestream 
Mach number was found to be 2.45 ± 1%, and the resulting unit 
Reynolds number was calculated as 56 x 10^ m~'. Streamwise tur- 
bulence intensities in the freestream were consistently less than 2%. 

Schlieren and Mie Scattering Flow Visualizations 
Figure 3 shows a composite schlieren photograph of the flow 

along the afterbody, in the base recirculation region, and in the 

P/P„, = A, + A,(W/) + AjU^/lf (1) 1000 
I'u^v, 

10000 

By the use of the data collected at each pressure tap as a reference 
value, the least-squares fitting parameters can be calculated and then 

Fig. 2   Curve-lit and boundary-layer paramelers for afterbody bound- 
ary layer upstream of angular discontinuity. 
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Fig. 3   Composite schlieren side-view pliotagrapli ot flowfield. 

near-walce region. Although some detail is lost in the photograph 
due to the three-dimensional nature of the flow, this image veri- 
fies the existence of many expected gasdynamic features. At the 
afterbody angular discontinuity, an oblique shock forms along the 
windward portion of the turn, while a Prandtl-Meyer expansion fan 
can be seen centered at the turn on the leeward edge. No lee-side 
boundary-layer separation is detected in the schlieren photograph. 
The fully attached boundary layer on the lee side results from the 
low length-to-radius ratio of the inclined afterbody for the given 
freestream Mach number and angle of anack. At the trailing edge of 
the afterbody, another Prandlt-Meyer expansion fan is found cen- 
tered on both the windward and leeward base edges, similar to that 
in the zero-ancle-of-attack ca.se. The existence of expansion waves 
centered at the lee-side base comer provides additional evidence 
concerning the absence of boundary layer separation along the lee 
side of the afterbody. Farther downstream, the separated free shear 
layer can be visualized (seen only faintly due to three-dimensional 
effects), as can a recompression shock system and the trailing wake. 
Downstream of the base comer, the observed base flowfield struc- 
tures are qualitatively similar to those found in zero-angle-of-attack 
flow but are rotated to an angle roughly corresponding to the after- 
body angle of attack. From the location of the recompression shock 
system, it can be deduced that the length of the recirculation re- 
gion enclosed by the free shear layer is quite shon. which should 
correspond to a low base pressure and high base drag (discussed 
subsequently). 

Although difiiculi to clearly discern in the schlieren images, the 
boundary-layer thickness may also be estimated along the after- 
body. A thin boundary layer is seen on the windward surface due 
to compression by the oblique shock, with a visual thickness of ap- 
proximately S/R = 0.07 at the base comer (.v/^? = 0). The boundary 
layer on the leeward side is difficult to discern, but appears to be 
much thicker, due to the expansion at the afterbody turn, with a 
visual thickness of approximately S/R = 0.20 at x/R = 0. 

A composite Mie scattering side-view image of the free shear 
layer, recirculation region, and wake along the 0 = 0-180 deg plane 
is included in Fig. 4. This instantaneous side-view image shows 
all mean-flow structures observed in the average image and also 
provides a view of the turbulence structures representative of those 
seen throughout the ensemble. Similar to the conclusion from the 
schlieren images, the recirculation region appears much shorter than 
in the zero-angle-of-attack ca.se. for which Herrin and Dutton' re- 
ported a rear stagnation point at x/R = 2.65. as determined by LDV 
measurements. Based on the apparent merger of supersonic flow 
from the leeward and windward sides of the afterbody, the stag- 
nation point for this flow appears to occur at roughly x/R a: 1.7. 
The instantaneous image also reveals the existence of large-scale 
turbulent structures along the shear layer and in the trailing wake. 
The turbulent structures in the shear layer are seen as filament-type 
structures extending into the darker recirculation region. The struc- 
tures are much clearer in the trailing wake region, where individual 
structures appear as filaments elongated in the vertical direction. 
These structures appear to be qualitatively similar to those observed 
by Bourdon and Dutton^" for supersonic axisymmetric base flow at 
zero angle of attack. 

Additional large-scale structures of this type can be observed 
by rotating the laser sheet to expose the (p = 90/-90 deg plane. 

Fig. 4   Composite instantaneous Mie scaMering tide-view image of re- 
circulation regioa and walie in tlie 4> s 0/180 deg plane. 

Fig. 5   Composite instantaneous Mie scattering side-view image of re- 
circulation region and wake in the 0 = —90/-«-90 deg plane. 

as seen in Fig. S. The turbulent structures resemble those found 
in the 0 = 0-180 deg plane but appear to grow in size as the flow 
develops axially. In addition to the turbulent structure seen along the 
shear layer/recirculation region boundary and in the wake displayed 
in this view. Fig. 5 also shows the presence of entrained lee-side 
freestream fluid along the flow centerline (bright seeded region), 
with warmer recirculation fluid extending much farther downstream 
than suggested in the ^ = 0-180 deg side view (Fig. 4). The origin 
of the seeded fluid along the centerline in Fig. 5 will become clearer 
in the Mie scattering end views, which are discussed next. 

Mie scattering end views at four streamwise locations down- 
stream of separation are presented in Fig. 6, with the top of each 
image corresponding to the 0= 180 deg (leeward) direction and 
with flow occurring out of the page. Although these images were 
obtained obliquely through the test section side windows, they have 
been rotated with image-processing software such that the mean- 
flow direction is normal to the page. These images suggest that the 
near-wake flow is highly three dimensional in nature, with two large 
recirculation lobes that divide the flow along the ^ = 0-180 deg axis 
and which decrease in size and become more elliptical as the flow 
moves downstream. These lobes develop because the flow along 
the afterbody is driven from the high-pressure windward side to the 
low-pressure leeward side as it moves downstream (see surface-flow 
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Fig. 6 Mie scattering instantaneous and average end-view images with 
approximate size of image a 50 x 45 mm and ail other image sizes scaled 
to Fig. 6a. 

visualizations to be presented). After separation of the boundary 
layer at the base comer, this rotation of fluid from windward to lee- 
ward continues with the fluid meeting at the 0= 180 deg lee-side 
plane, where it is then driven down into the recirculation region. The 
separation between the lobes can be seen as the bright wedge of fluid 
moving downward into the dark recirculation region, until the lobes 
are completely closed off at a downstream distance of approximately 
x/R = 1.7. This lee-side fluid emrainment is the same phenomenon 
that was noted as a bright region along the cemerline in the side 
view along the 0 = 907-90 deg plane in Fig. 5. These persistent 
lobes seen in the end views suggest that the short wake recirculation 
region length compared to the zero-angle-of-attack case observed in 
the side-view schlieren (Fig. 3) and Mie scattering (Fig. 4) images 
is a phenomenon applicable primarily to the ^ = 0/180 deg plane. 

In addition to these mean-flow features, the large-scale turbulent 
structures .seen in these end views along the shear layer/recirculation 
region boundary appear quaFitatively similar to those present in the 
zero-angle-of-attack cs.se.-' In particular, at .x/R = 1.5 and 2.0, in 
the region where the rear stagnation point is suspected to occur, 
the number of structures observed around the shear layer periphery 
in the images varies from 10 to 16, corresponding to the 10 to 14 

Fig. 7   Oil-streak viwialiiation of ^=0 deg windward surface. 

,^-,..^. 

vs^-_: 

■.-:5 

"■^•SflaB!^- 
Ji^. 

-^■^^fjC^l^' 

Fig. 8   Oil-itmli vMualiiition of 0 = —90 deg aide surface. 

structures observed b> Bourdon and Dutton^ in the leattachment 
region of zero-angle-of-attack base flow. In both cases, the structures 
appear evenly spaced circumferentially about the shear layer. The 
slight increase in the number of structures for the current case is 
caused by the entrainmnii of lee-side fluid into the recirculation 
region, creating additional interface length on which more structures 
may form. Throughout the axial development of the flow, the number 
of these end-vie« strwcturc» decreases and their size increases as the 
flow moves downstream, indicating some kind of stream wise and/or 
helical structure amalgamation process. 

Surface-Flow VisuaiualnM 
An oil-streak visualization of the ^=0 deg windward surface is 

included in Fig. 7. Linci have been drawn onto this and succeeding 
surface-flow phoiograph^ to help emphasize the streakline direc- 
tions, which are someiimes rather faint. This oil-streak pattein shows 
the general structure of the surface flow, as fluid flows around the 
cylindrical body from the high-pressure windward portion of the af- 
terbody toward the lower pressure leeward surface. This windward- 
to-leeward surface flow is most clearly seen in Fig. 8, which shows 
the oil-streak pattern forthe^ = —90 deg surface. This image clearly 
shows the highly three-dimensional aspects of the surface flow. Fluid 
originating near the windward surface at the upstream oblique shock 
is driven far into the leeward region by the end of the afterbody, a 
change in 0 of nearly 90 deg along the afterbody length of L/R = 3. 
Figure 9 shows the surface flow on the 0= 180 deg leeward sur- 
face, where the surface streaklines appear almost to conveige near 
the base comer. The near convergence of surface streaklines results 
from the circumferential mass flow about the body from windward 
to leeward. For a long enough afterbody, this mass influx into the 
leeward region would result in flow separation from the afterbody. 
However, lee-side separation was not detected in the schlieien or 
Mie scattering images for the current afterbody length. 
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Fig. 9   Oii-streak visualization or ^ = IN dcg leeward surface. 
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Fig. 10   Oil-streak visualization of liase surface. 

Figure 10 shows the surface flow on the base, with an oil-streak 
visualization included on the right side of the image, and the corre- 
sponding flow directions mapped on the left side of the image. The 
arrows drawn on the plot do not scale to velocity magnitudes for the 
base flow, but rather simply indicate the flow directions. The arrow 
directions were determined from many individual experiments in 
which discrete dots of the tracer were placed on the base and their 
temporal evolution was observed visually with the tunnel running. 
Two mathematical singularities were noted in this surface-flow pat- 
tern, a node of attachment along the 0 = 0-180 deg centerline just to 
the leeward side of the 4> = -1-90/—90 deg line, and a saddle point on 
the ^=0-180 deg symmetry line about halfway between the base 
center and the windward edge. The general structure of the base- 
surface flowfield consists of flow away firom the symmetry line and 
surface flow from the windward-to-leeward edges. However, tlie 
node of attachment creates a region near the center of the afterbody 
where flow occurs from the leeward-to-windward legions. The sur- 
face flow appears to move radially outward along the base, across 
the afterbody edge, and then Into the free shear layer in the circum- 
ferential region from ^ = ± 100 to 180 deg, where the lowest surface 
pressures would be expected. Past research suggests that the number 
of nodes of separation and/or attachment must be at least two greater 
than the number of saddle points.^ On this angle-of-attack base, 
the convergence of surface oil streaklines around the ^ = ± 120 deg 
points near the base edge suggests that nodes or lines of separation 
would occur at both of these locations if the base radius was slightly 
larger. In fact, the regions of radially outward surface flow along the 
leeward surface edge of the base from ^ = ±100 to 180 deg effec- 
tively act as two nodes of separation on the base surface, thereby 
giving three attachment/separation nodes and one saddle point for 
the current base-surface flow. However, the presence of the base 
edge on this surface creates a discontinuity in the surface normal 
derivative that complicates the analysis of Tobak and Peake.^ 
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Fig. 11   Aflerfaody-sttrfacc strearowisc pressure profiles. 

Pressure Measurements 
Surface-pressure-tap and PSP measurements were made up- 

stream of the angular discontinuity to verify flow uniformity in 
this axisynunetric region. In addition, the surface-pressure mea- 
surements were continued along the afterbody itself to determine 
the pressure profiles along the ^=0, 90, and 180 deg surfaces. 
These results are presented in Fig. 11. To develop these profiles, 20- 
image ensembles were averaged, and the profile data were computed 
by averaging across five pixels (corresponding to the tap diameter 
in the images) in the circumferential direction. A Savitzky-Oolay 
smoothing filter was utilized to remove high-frequency noise from 
the profiles, for which the minimum signal-io-noise ratio for any of 
the profiles was 44.6 on the 0 = 180 deg surface. As a result of this 
smoothing and the averaging of all available pressure tap data in 
computing the least-squares fitting parameters for Eq. (1), the PSP 
results do not pass directly through each pressure-tap data point. 
Because the afterbody PSP profiles were obtained in two images 
displaced axially from each other, a small region of overiap occurs 
in all three data sets. The regions of overlap have been included on 
all three distributions to demonstrate the repeatability of the data 
from the two views. 

The surface pressures at the various circumferential positions up- 
stream of the angular discontinuity are indeed relatively constant at 
the freestream value px, providing a static-to-sugnation pressure 
ratio of 0.0621, corresponding to a freestream Mach number of 2.46. 
The ^ =0 deg windward-side surface pressure increases substan- 
tially at the angular discontinuity due to the oblique compression 
shock and then decreases modestly along the afterbody length before 
reaching the trailing edge. The static pressure along this ^=0 deg 
surface significantly exceeds that of either the ^ = 90 or 180 deg sur- 
faces everywhere along the afterbody length. On the 0= 180 deg 
leeward surface, the surface static pressure drops across the expan- 
sion waves at the angular discontinuity, then increases along the 
afterbody surface up to the base comer. This increasing pressure 
along the leeward surface is the type of adverse pressure gradient 
that would lead to the eventual boundary-layer separation that is 
expected along this surface. In fact, the slight decrease in pressure 
at the very end of the ^ = 180 deg profile may suggest incipient sep- 
aration just before the base comer. However, this decrease is within 
the experimental uncertainty of the PSP data (Up/pco = ±0.04) and 
is more likely explained by the pressure matching that occurs with 
the ^ = 90 deg plane (see Fig. 11). Along this 0 = 90 deg side plane, 
there is a slight increase in pressure at the angular discontinuity, sug- 
gesting a weak compression shock there. The static pressure then 
decreases modestly along the afterbody length on this surface, to 
match closely the lee-side pressure distribution just prior to the base 
comer. However, the average base pressure ratio. (ph/Poo)=0.293. 
is significantly less than the pressure immediately preceding sepa- 
ration of any of the measured afterbody pressure profiles. 

The strong circumferential pressure gradient just downstream of 
the angulardiscontinuity indicated in Fig. 11 is cleariy a major factor 
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in the development of the three-dimensional stnictuie of this sepa- 
rated flow. Along the afteibody surface, this pressure gradient drives 
a secondary flow from the high-pressure windward region toward 
the low-pressure leeward portion of the afterbody. Iliis flow pattern 
is clearly seen in the earlier discussed surface-flow visualizations 
(Figs. 7-9). The presence of this windward-to-leeward secondary 
flow along the afterbody assists in the foimation of the lee-side base 
vortices after separation, where the flow reaching the leeward side 
from both the positive and negative 0 directions is then deflected 
into the base recirculation region, as suggested in the Mie scattering 
end views (Fig. 6). 

Radial base pressure profiles along the 0=0, 90, and 180 deg 
radii are included in Fig. 12. Data reduction was completed in a 
manner identical to that used for the afterbody axial profiles, with 
only one modification. Piofile data were computed by averaging 
eight pixels normal to the traverse direction because the image was 
zoomed in to a higher spatial resolution in the base image com- 
pared to the afterbody data. A base-surface pressure contour map 
is included in Fig. 13. The entire contour map was averaged across 
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Fig. 12   Base-surface radial pressure profiles. 

0.8 

flie 0 s 0-180 deg symmetry line, with the average pressure differ- 
ence between symmetric pixels being Ap/poc =0.0005. Note thai 
the ordinate scales p/Poo on these base pressure plots are highly 
expanded, so that the trends in the data only constitute small sutic 
pressure variations, well within the uncertainty of the PSP measure- 
ments. The circles seen along the 0 = —90-90 deg and 0-180 deg 
lines are due to imperfect masking of the pressure tap holes in the 
PSP data reduction process. 

Observation of the entire base pressure distribution in Fig. 13 
confirms the small changes in pressure across the entire base, for 
which the maximum variation is only 4.5%. However, the small 
pressure variations seen Jn the contour map agree qualitatively with 
the surface-flow pattern observed in the oil-streak visualizations 
ahready presented in Fig. 10. The genml windward-to-leeward sur- 
face flow trend suggested by the oil flow is confinned by the slightly 
higher base pressure on the windward portion of the base compared 
to that on the leeward side. In addition, the lowest surface pressure 
on the entire base is observed along the leeward edge between about 
0 = ±100 and 180 deg, agreeing with the region where flow sq)a- 
lates fixim the base surface as it is entrained by the free shear layer. 
The three radial base pressure profiles in Fig. 12 indicate a general 
small increase from the base center outward, with the pressure at the 
base edge highest on the windward side and lowest on the leeward 
side. This slight radial pressure increase of approximately 4.5% is 
similar to that observed at zero angle of attack, where a 3.9% in- 
crease in base pressure was observed between the base center and 

Using 71,291 equal-sized pixels of PSP data across die base, 
the mean base-to-fteestream static pressure ratio is calculated as 
Pb/Pnc = 0.293. This base pressure ratio corresponds to an average 
base pressure coefficient of (Cp)i, = —0.167, where (Cp)i, is defined 
as follows: 

(Cp), = 2[(pfc/p„) - n/yMi (2) 

This base pressure coefficient is 63.7% lower than in the zero-angle- 
of-attack case,-' corresponding to a reduction in the base pressure 
latio, Pt>/Poo. of 48.4%. Regardless of the method used to report 
the base pressure, it is obviously significandy reduced for flight 
at 10-deg angle of attack, resulting in greatly increased base drag. 
Figure 14 compares the measured average base-pressure ratio in the 
current experiment to the data found by Moore et al. '^ for a tangent- 
ogive forebody with a cylindrical aftnbody such that L/R = 14.4. 
The current data point falls quite neatly onto the Mach 2.5 curve at 
10-deg angle of attack. This agreement may be purely coincidental, 
however, because the Moore et al. data correspond to a langent- 
ogive cylindrical body withapointednose andi./J7 = 14.4, whereas 
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Fig. 13   Base-surface pressure contour map. 
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the current geometry consists of a 10-deg turn of a constant-diameter 
sting with £//? = 3.0. It is also possible that this agreement suggests 
a weak dependence of base pressure on L/R in comparison to its 
dependence on a and Mach number. The average base pressure can 
also be compared to the data of Pick.''' although the Pick pres- 
sure data were measured at hypersonic speeds. Pick showed that for 
lO-deg angle of attack, the average base pressure ratio approaches 
Ph/Px ^ 0.2 as the Mach number decreases toward S, a value 32% 
lower than the base pressure ratio measured in this investigation. 
Although direct comparison between the two studies is difficult be- 
cause of the large difference in Mach number between the lest cases, 
the Pick data do show an important trend also observed in the current 
investigation. In the Pick results, the base pressure ratio is seen to 
decrease by approximately 50% at 10-deg angle of attack compared 
to the results measured at 0-deg angle of attack, agreeing with the 
48.4% decrease measured in the current investigation and the results 
of Moore etal.'-'* shown in Fig. 14. This trend illustrates the critical 
role that angle of attack plays in reducing the base pressure and. 
thus, increasing the overall drag, on aerodynamic bodies. 

Conclusions 
The supersonic Mach 2.46 flow about a cylindrical afterbody at 

a lO-deg angle of attack has been studied using schlieren photog- 
raphy. Mie scattering visualization, oil-streak surface visualization, 
and PSP measurements. This study permits imerpreuiion of the 
general structure of this three-dimensional, separated, compressible 
flow and provides understanding of the fluid dynamic processes that 
occur for cylindrical ba.se flows when inclined at angle of attack. 

-Based on the visualization images and surface-pressure measure- 
ments, the following conclusions may be drawn: 

1) Mean-flow gasdynamic structures appear qualitatively similar 
to the zero-angle-of-attack case but are rotated approximately to the 
afterbody angle of attack. These sttvctures include Prandlt-Meyer 
expansions centered at the base comer, a free shear layer, an enclosed 
recirculation region, recompression shocks, and a trailing wake. In 
addition, large-scale turbulent structures in the recirculation and 
trailing wake regions resemble the structures observed in the zero- 
angle-of-attack case. 

2) Although no flow separation appears to occur along the af- 
terbody, the three dimensionality of the flowfield created by the 
10-deg-angle-of-attack results in the development of symmetric 
three-dimensional lee-side vonex lobes in the near wake that com- 
plicate the separated flow structure compared to the zero-angle-of- 
attack case, [tetailed investigation of the interaction of these vonex 
lobes with the base recirculation region is needed to determine their 
effect on the flow behavior. 

3) Surface-flow visualization along the afterbody provides evi- 
dence as to the strength of the three dimensionality for Mach 2.5 
flow at 10-deg angle of aitacli The convergence of surface streak- 
lines along the lee side of the afterbody provides evidence of the 
strong windward-to-leeward circumferential flow around the after- 
body, creating a surplus of mau on the lee side. For large enough 
angle of attack, approach Mach number, or afterbody length, this 
circumferential flow would lead to flow separation aiid the foimatioh 
of symmetric vortices near the leeward afterbody surface. However, 
no visualization evidence or pteuure measurements suggest that 
flow separation actually occwn ior the current case. 

4) Surface-pressure mcasuremetMs along the afterbody suggest 
a strong circumferential pmujre gradient between the windward 
and leeward surfaces. This gradient provides the driving force for a 
circumferential secondary Ikm. letuliing in the entrainment of flow 
from the leeward region into the base recirculation region along the 
0 = 0/180 deg center syminetr> plane. 

5) The base pressure u approximately unifoim spatially, but the 
small changes present on the baie uirface serve as the driving force 
for a complicated base Mirface-flow pattern. This flow pattern is 
characterized by a windward taddic point and leeward node of at- 
tachment on the 0 = 0/180 deg line. with flow generally moving in a 
windward-to-leeward direction, and with outward radial flow along 
the base occurring in the # n ± 100-180 deg range of the leeward 
edge. 

6) The average base preisurc ratio measured for the 10-deg angle- 
of-attack case is 48.4% lower than the zero-angle-of-attack case. 
This reduction in base pressure greatly increases the base drag for 
supersonic flight at angle of attack. This average base pivssure ratio 
agrees closely with that of Moore el al.'^ for a tangent-ogive fore- 
body at the same angle of anack. but with a much larger length-to- 
radius ratio (L/R = 14.4) than the current afterbody (3.0). although 
this agreement may be fonuiious. 
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Planar visualizations of two compressible free shear layers were performed immediately 
downstream of centered expansions of differing strengths in order to assess the influence of 
expansion strength on the embedded large-scale structures. The free shear layers studied here were 
formed through the separation of an q)proach flow, either a Mach 2.0 stream or a Mach 2.S stream, 
from a planar backstep. In addition to side-view and end-view visualizations, spatial correlations 
(computed from large image ensembles) and laser Doppler velocimetiy surveys of the free shear 
layers were also examined to discern relationships between the structure dynamics and the 
underlying pre- and postexpansion velocity fields. The instantaneous images clearly illustrate that 
ellipsoidal, highly coherent structures were present in both shear layers downsfream of the 
expansion comer. The dissimilar expansion sfrengths did not appear to produce qualitatively 
different structures in the shear layers; however, as compared to the weaker expansion, the stronger 
expansion did result in an increase in the growth rate of the large-scale structures, apparently from 
an augmentation of the {u'v')dUldy production term in the THE equation. Furthermore, 
quantitative measurements of the mean structure geometry, as determined from the spatial 
correlation fields, revealed that a stronger expansion strength resulted in a larger aspect ratio of the 
mean structures (i.e., the structures were stretched preferentially in the streamwise and transverse 
directions as compared to the spanwise direction during the expansion process). Quadrant 
decompositions of the instantaneous velocity fluctuations within the ^iproach boundary layers and 
within the free shear layers indicated a definite increase in structure organization across the 
expansion region, which is in contrast with studies of expanded supersonic boundary layers without 
separation. The instantaneous image data, spatial correlations, and velocity decompositions 
uniformly suggest that the separation process itself, and not the expansion strength, is the primary 
influence on initial eddy structure in the postexpansion firee shear layer. © 2001 American Institute 
of Physics.   [DOI: 10.1063/1.1378790] 

I. INTRODUCTION 

The existence of large-scale structures in canonical su- 
personic turbulent boundary layers^ has been well- 
established through hot-wire anemometry,^'^ wall-pressure 
sampling,^'^ optical density gradient techniques,^'" laser 
Doppler velocimetry (LDV)," and planar laser 
imaging.*'""" The data from these diverse experimental 
techniques, taken in aggregate, indicate that the large-scale 
structures in moderately compressible turbulent boimdaiy 
layers (i.e., Ma,=2.0-3.0) display a myriad of elongated 
shapes, are randomly distributed in time and space through- 
out the boundary layer, and are appreciably inclined relative 
to the streamwise direction. Often, these structures form a 
highly corrugated interface with the bounding fijcestream 
flow. Space-time correlations^"''' and two-dimensional spa- 
tial correlations*'*^"**'" illusttate that the mean structures are 
eUiptical in geometry with the major axis tilted downstream 
at approximately 45° to the streamwise direction. These cor- 
relation analyses also show that the mean structures possess 

"^Author to whom conespondence should be addressed. 

a spatial extent on the order of the local boundary layer 
thickness, ^Q . The three-dimensional structures demonstrate 
a high degree of coherence by remaining distinct as they 
convect over distances exceeding several SQ .'•*•'•" in addi- 
tion to large-scale structures, smaller-scale motions, having a 
length scale roughly an order of magnitude smaller than SQ, 

have been observed residing on the large-scale 
motions.*'*^**"" Together, the large-scale and smaller-scale 
structures are responsible for significant levels of Reynolds 
shear stress across the boundary layer thickness.^"''* 

In many practical applications (e.g., aircraft, missiles, 
and high-performance turbomachinery), the large-scale struc- 
tures just described are embedded within a supersonic 
boundary layer that negotiates a convex expansion comer. 
Downstream of this turning process, two scenarios are of 
primary interest: flow expansion without separation, and 
flow expansion with separation. In either scenario, the post- 
expansion turbulence field and eddy dynamics are undoubt- 
edly influenced by the downstream boundary condition, be- 
ing either a rigid surface (i.e., wall) in the attached boundary 
layer case or a compliant surface (i.e., recirculation region) 
in the separated free shear layer case. 

1070-6631/2001/13(7)/2076/11/$18.00 2076 © 2001 American Institute of Physics 
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FIG. 1. Flow configurations for supeisonic convex comer expansions: (a) 
expansion without separation, and (b) expansion with separation. 

For supersonic boundaiy layer expansions that terminate 
in an attached boundary layer [see Fig. 1(a)], there have been 
vigorous research efforts aimed at documenting the velocity 
characteristics and large-scale structure behavior of the ap- 
proach flow, expansion process, and subsequent recovery of 
the boundaiy layer. Perhaps the most striking feature of the 
postexpansion iiowfield is the qjparent division of the 
boundary layer into two nearly distinct regions: a new inner 
layer caused by the rapid stabilization of the near-wall por- 
tion of the boundary layer, and a passive outer layer where 
turbulence    production    mechanisms     are     essentially 
nonexistent."'^* Macroscopically, the eddies survive the ex- 
pansion process intact, but exhibit an increase in physical 
dimension due to the decreased fluid density downstream of 
the expansion.''-'^ Apart from the physical dilatation of the 
structures, visualizations suggest that the large-scale motions 
do not appear to be grossly distorted across the expansion. 
The structures observed upstream and downstream of the ex- 
pansion maintain an elliptical geometry with the major axis 
inclined at roughly 45° to the streamwise direction."'" 
Spectral   analyses,'   planar   visualizations,"   and   LDV 
surveys" of pre- and postexpansion supersonic boimdary 
layers reveal that small-scale motions, especially near the 
wall, are immediately quenched by the expansion. Conse- 
quently, the initial postexpansion flowfield becomes almost 
exclusively populated by large-scale structures. As the inner 
layer of the postexpansion boimdary layer develops, the 
small-scale motions are observed to reappear."'^' In contrast 
to the small-scale behavior, the large-scale structures in the 
outer layer are slow to respond to the expansion because of 
their large characteristic time scales.^"'^* However, the 
large-scale structures in the outer layer are not immune to the 
flow distortion: significant reductions in the magnitude of the 
Reynolds shear stress"'""^' and shear stress correlation co- 
efficient, {«'t;')/<«')(t;')," across the expansion imply a 
weakening of large-scale organization. 

In contrast to the numerous and diverse studies of post- 
expansion attached supersonic boundary layers, relatively 
few investigations have been conducted that characterize ex- 
pansion effects on large-scale structures within separating 
compressible fiee shear layers [see Fig. 1(b)]. An interesting 
result from these fice shear layer studies is that rapid super- 
sonic expansions ^)pear to strengthen, not weaken, the orga- 
nization of the turbulent structures. Evidence of this in- 
creased structure organization is provided indirecdy by the 
dramatic increase in peak Reynolds shear stress magnitudes 
across separating supersonic expansions.^"^ Furthermore, 
quadrant decomposition analyses of axisymmebic supersonic 
expansion flows^ show that the instantaneous Reynolds 
shear stresses in the free shear layer are more organized 
along a preferential stress axis than in the q>proach boundaiy 
layer. Detailed LDV surveys of two axisymmetric free shear 
layers^ have also shown that the postexpansion free shear 
layers exhibit many of the velocity characteristics of a post- 
expansion attached boundary layer. For example, the expan- 
sion process generates an outer and an inner layer in the free 
shear layer. As was seen in the attached boundary layer 
cases, the outer region in the free shear layer is characterized 
by a severe reduction in turbulence activity; however, in con- 
trast to the attached boundary layer case, the inner region of 
the fiee shear layer shows a large increase in turbulence ac- 
tivity. For both planar and axisymmetric free shear layers, 
dampening of the outer layer turbulence and amplification of 
the inner layer turbulence become more pronoimced with 
increasing expansion strength.^"^'* ITie augmented turbu- 
lence activity in the iimer region is believed to be caused by 
the interaction of embedded large-scale structures in the free 
shear layer with the low-speed fluid in the recirculation 

22-25 region.-" -" 
Recently, planar imaging studies have confirmed the ex- 

istence of well-organized, three-dimensional structures 
within planar^"^ and axisymmetric^' free shear layers 
downstream of supersonic comer expansions. In fact, the or- 
ganized motions observed in the initial region of the fiee 
shear layer are strikingly similar in shape, nondimensional 
size, and angular orientation to the structures seen in super- 
sonic boundary layers (described earlier) and in two-stream 
compressible mixing layers.^""^ Although these recent visu- 
alizations have provided compelling evidence for the exis- 
tence and evolution of large-scale structures in compressible 
free shear layers, there have been no visualization studies 
reported in the literature, to date, that characterize the effects 
of expansion strength itself on the initial state of large-scale 
structures in these flows. Such visualizations would provide 
valuable temporally- and spatially-resolved descriptions of 
the structures' response to tiie expansion process. 

In this study, a planar imaging technique is used to cap- 
ture side-view and end-view instantaneous images of two 
free shear layers immediately downstream of supersonic ex- 
pansions of differing strengths. The postexpansion velocities, 
Mach numbers, and convective Mach numbers are identical 
for the two shear layers; however, the two expansion 
strengths employed here effectively establish dissimilar ini- 
tial conditions for the large-scale structure activity. In addi- 
tion to the instantaneous image data, statistical representa- 
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FIG. 2. Schematic of test section internals (ad^ted &om Amatucci, Ref. 
38). 

tions of the structures have heen constructed from large 
image ensembles, and the interplay between the turbulence 
field and the large-scale structures in these free shear layers 
is also investigated through the use of complementary LDV 
data. Taken together, the image and velocity data presented 
here allow for a quaUtative and quantitative examination of 
the effects of expansion strength on the large-scale structures 
within postexpansion free shear layers. 

II. FLOW FACILITY AND FLOW FIELD CONDITIONS 

The expansion flows investigated here were produced in 
a test section originally designed for the study of planar su- 
personic base flows.^ Since the test section and supporting 
flow equipment have been described previously,^'^*'^* only 
a brief summary of this hardware is presented here. Com- 
pressed air is accelerated in the test section (see Fig. 2) by 
two converging-diverging planar half-nozzles to produce two 
separate supersonic streams: a Mach 2.0 stream and a Mach 
2.5 stream. The exit plane height of the Mach 2.5 and Mach 
2.0 nozzles are 50 mm and 25 mm, respectively; the test 
section width is 50 mm along the entire flow path. The two 
supersonic streams are isolated from each other by a 25 mm 
thick splitter plate whose upper and lower surfaces act as a 
symmetry boundary for the nozzles. The aft end (i.e., the 
base plane) of the splitter plate is flat and the expansion 
processes occur at sluup 90° comers. Optical access to the 
expansion comer regions and free shear layers is provided by 
flush-mounted top, bottom, and side windows. The air flow 
exits the test section and laboratory through exhaust duct- 
work. 

The flow conditions of the current study are identical to 
several previous investigations"'^'^ so that direct compari- 
son of the present results with earlier data can be performed. 
Tlie nominal stagnation pressures and temperatures for both 
streams are Po=503±3kPa (absolute) and ro=300±2K. 
The static pressures at the nozzle exits are 62.4 and 29.1 kPa 
for the Mach 2.0 and Mach 2.5 streams, respectively. Each 
approach stream negotiates a centered expansion at the cor- 
ner to equilibrate with the recirculation region pressure of 
13.8 kPa. Accordingly, the Mach 2.0 (524 m/s) and Mach 2.5 
(584 m/s) approach flows turn through expansion angles of 
21.6° and 10.6°, respectively. Assuming the comer expan- 
sions to be isentropic, the high-speed side of bodi free shear 
layers is estimated to be at Mach 3.0 (625 m/s). The low- 
speed side of the free shear layers (i.e., reverse flow in the 

recirculation region) is estunated from LDV data to be at 
qjproximately Mach 0.4 (135 m/s). Using these Mach num- 
ber and velocity data, the convective Mach number along the 
initial portion of both shear layers is roughly Af £« 1.3, which 
corresponds to a very high level of compressibility.^^-^^ 

III. EXPERIMENTAL DIAGNOSTICS 

Visualization of the large-scale stractures in the sepa- 
rated shear layers was accomplished using Mie scattering 
from an ethanol fog.'^ Vaporized ethanol was carried by the 
bulk air into the test section, where the ethanol homoge- 
neously condensed after acceleration to supersonic condi- 
tions. Tlie resulting condensation fog was extremely fine, 
with the ethanol droplets having a mean diametra: of approxi- 
mately 0.05 fim?^'^^ A conservative estimate for the particle 
Stokes number is 0.06, which indicates that the ethanol drop- 
lets should possess excellent flow response characteristics.^^ 
Only a minute quantity of ethanol (0.35% mass fraction) was 
required to obtain strong signal levels. 

For the Mie scattering technique used here, the presence 
of condensed ethanol marks the high-speed side (i.e., bound- 
ing freestream) of the shear layer, whereas the absence of 
condensed ethanol marks the low-speed side (i.e., the recir- 
culation region) of the shear layer. The lack of condensed 
ethanol in the recirculation region is due to ethanol re- 
evaporation, which is driven by the relatively warm air in 
this low-speed region of the flow. As presented elsewhere,^* 
a detailed tliermodynamic survey of the postexpansion re- 
gion indicates that the fields-or-view used in the present 
study are significantly upstream of the predicted ethanol re- 
condensation location. Therefore, the present Mie scattering 
technique provides accurate viuial and statistical representa- 
tions of the embedded large-Kale structures. 

The ethanol fog was illuminaied with a planar light sheet 
(250 fim thick) from a frequency-doubled Nd:YAG laser. 
Each laser pulse had a nominal energy of 350 mJ at 532 nm 
and was only 5 ns in duration. Temporal resolution of the 
large-scale motions was therefore excellent, since the pulse 
duration of the laser was approximately three orders-of- 
magnitude less than the representative eddy rollover time of 
the shear layer. The resulting light scatter from the ethanol 
droplets was c^tured using standard photographic lenses at- 
tached to a CCD camera. For the side-view images (i.e., the 
streamwise-transverse plane), a 14-bit unintensified CCD 
camera was used. All side-view images were collected with 
the laser sheet positioned on the midspan plane of the test 
section. For the end-views (i.e., the spanwise-transverse 
plane), an 8-bit intensified camera was employed to allow for 
a greater dq)th-of-field. The flow images are presented using 
a conventional gray-scale mapping: white is the seeded 
fr^stream (high signal) and black is the warm recirculation 
region (low signal). T^ical signal to noise ratios were ap- 
proximately 60 and 20 for the side-view and end-view im- 
ages, respectively. Further details of the image acquisition 
and post-processing procedures are presented elsewhere.^''^ 

The raw laser Doppler velocimetry (LDV) data used in 
the present investigation were obtained by Amatucci'* using 
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a two-color, two-component velocimeter operated in the off- 
axis forward-scatter mode. Atomized silicone oil droplets, 
which were less than 1.0 /un in diameter, served as the scat- 
tering medium. Particle lag experiments confirmed that these 
silicone droplets were small enough to effectively mark the 
flowiield. The statistical uncertainty for the LDV measure- 
ments is approximately ±3.0% for the mean velocity and 
±3.1% for the turbulence intensities. The maxunum spatial 
resolution error due to the finite probe volume size occurs at 
the expansion comer, and is roughly ±2.8% for the mean 
velocity and ±4.8% for the turbulence intensities. The actual 
spatial resolution error at the imaging locations is less than 
the maximum error since the visualization data were ac- 
quired several boundary layer thicknesses downstream of the 
expansion comers. Comprehensive details of the LDV sys- 
tem configuration and operation are contained in an earlier 
publication.^ 

The LDV spatial locations were heavily concentrated 
within the shear layer regions downstream of the expansion 
comers. LDV data were also obtained within the approach 
boundary layers at a streamwise location 4 mm upstream of 
the expansion comers. At each LDV spatial location, large 
ensembles of instantaneous velocity realizations, typically 
4096, were collected. Based on the recommendations of Her- 
rin and Dutton^' for massively separated flows, the raw in- 
stantaneous LDV data firom the present flow field have been 
velocity debiased using the time-between-data (TBD) tech- 
nique. No fiinge debiasing was necessary.^ 

IV. DESCRIPTION OF EXPERIMENTS 

In the present investigation, the two expansion flows 
produced simultaneously in the test section are assumed to 
behave independently of each other. Even though the expan- 
sion comer flows could conceivably communicate across the 
subsonic recirculation region, the relatively large physical 
separation between the comers should weaken the influence 
of that communication. For example, the splitter plate used 
here is roughly an order of magnitude thicker than either of 
the approach boundary layers at separation. The strongest 
evidence that the two comer flows are effectively isolated 
from one another is provided by detailed LDV surveys of the 
present flowfield.^'^* Within the central core of the recircu- 
lation region, the LDV data revealed negligible transverse 
gradients of mean velocities, turbulence intensities, normal- 
stress anisotropies, Reynolds stresses, turbulent kinetic en- 
ergy, and velocity triple products. Essentially, then, these 
LDV data show that a fluidic buffer zone existed between the 
two comer flows. This buffer zone allows the two expansion 
flows to be examined independently,'at least during initial 
shear layer development. Farther downstream, where recom- 
pression and streamline curvature begin to occur prior to 
reattachment, the shear layers clearly interact with each other 
and their individual development can no longer be treated as 
isolated flow processes. 

To facilitate presentation and discussion of the results in 
this study, the two comer flows are labeled as Case I and 
Case n, corresponding to the expansion of the Mach 2.5 and 

00 

FIG. 3. Description of the coordinate system and the fields-of-view used in 
this study. 

the Mach 2.0 approach flows, respectively. Case I represents 
the smaller turning angle (0= 10.6°) and Case n represents 
the larger turning angle {6 = 21.6°). Note that the expansion 
strength for Case II (Ap/pao=0.78) is approximately 150% 
largCT than the expansion strength for Case I {Lplpa, 
= 0.53). The experimental conditions in the present study 
effectively complement and extend the range of previously 
considered turning angles (i.e., 2.0° « e»s 18.5°) (Refs. 
22,24,40) and expansion strengths (i.e., 0.14^Ap/poo 
« 0.73) (Refs. 22,24,40,41) for postexpansion free shear 
layers studies. 

Both cases are presented using the coordinate system 
shown in Fig. 3. The standard shear-layer conventions are 
employed here, with the origin located at the expansion cor- 
ner, X being oriented in the mean streamwise direction of the 
shear layer, and Y being oriented in the mean transverse di- 
rection of the shear layer. The (X.K) coordinate system is 
rotated relative to the approach flow direction by an amount 
Oy the expansion angle. Figure 3 also depicts the imaging 
locations used in this study. Positions A and B are located 
along the initial free shear layer in the zero pressure-gradient 
region, as determined by side-wall pressure surveys.^ The 
relative placement of Positions A and B allows for a dou- 
bling of the shear layer development length between imaging 
locations. The fields-of-view at Positions A and B are ori- 
ented such that the flow is horizontal and from left-to-right in 
the side-view images. For both the side-view and end-view 
images, the high-speed side of the shear layer is at the top of 
the image and the low-speed side is on the bottom. The local 
shear layer thickness, ^acai< was calculated from the average 
image^ and is included in the image margins as a relevant 
length scale. The placement of ^ocai i° ^^ image margin also 

TABLE I. Field-of-view descriptions and shear layer thicknesses at imaging 
positions. 

Distance fiom Shear layer 
expansion comer. Reld-of-view tiiickness. 

Imaging * inclination* ^OCll 

location (mm) (deg) (mm) 

Case I: 
Position A 7.5 10.6±0.2 1.65±0.05 
Position B 15.0 10.6 1.95 

CaseH: 
Position A 7.5 21.6 1.54 
Position B 15.0 21.6 1.84 

"Measuied with respect to the iqiproach flow streamwise direction. 
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TABLE n. Description of the Case I and Case II expansion flows. Position B 

Property Ca.se I Casell 

Approach boundary layer* 
Mach Nmnber, M. 2.5 2.0 
Edge velocity, Ug (m/s) 584 524 
Boundary layer thickness," Sg (nun) 3.35 1.46 
Momentum thickness, Og (mm) 0.220 0.118 
Re^ I.TIXIO' 9.28X10* 

1.12X10^ 7.48X10^ 
Friction velocity, Ur(m/s) 25.1 21.4 

Expansion fan: 
Expansion angle, e (deg) 10.6 21.6 
Expansion strength, Ap/pc 0.53 0.78 
|Ap|/r„„ 74 151 

Shear layer: 
Unit Reynolds number. Re (m~') 37X10« 37X10^ 
Velocity ratio, r 0.21 0.21 
Density ratio,; 0.37 0.37 
Convective Mach number, M^ 1.32 1.32 

■Boundary layer data measured 4 nun upstream of expansion comer. 
•Based on 99.5% of the edge velocity. 

indicates the mean transverse location of the shear layer. 
Table I contains a complete description of the fields-of-views 
used here, as well as the Sxoca estimates at Positions A and B 
for Cases I and n. For consistency with the image data, all 
LDV data reported here have been coordinate-rotated so that 
the streamwise and transverse velocity components are 
aligned with the X- and Y-axes of Fig. 3, respectively. 

The data of Table II describe the major characteristics of 
the approach botmdary layers, the expansions, and the free 
shear layers examined in this study. Since the approach 
boundary layers provide the initial conditions for the expan- 
sion and shear layer development processes, two notable fea- 
tures of the approach boimdary layers should be highlighted: 
(1) at sq>aration, the Case I boundary layer was 2.3 times 
thicker than the Case II boundary layer; and (2) both ap- 
proach boundary layers were turbulent and fiilly developed 
upon entering the expansion region. 

Case] 

CsseK 

local 

local 

FIG. 4. Side-view Mie scattering images obtained at Positions A and B. 

dynamics downstream of the turning comer. All image and 
instantaneous velocity data shown here are previously un- 
pubUshed. 

A. instantaneous shear layer visualizations 

Figure 4 presents representative time-uncoirelated Mie 
scattering side-view images at each of the four imaging lo- 
cations. Note that for the visualization technique used here, 
braids between neighboring structure cores appear as thin 
regions characterized by large signal gradients, and cores 
appear as dark packets of fiuid with discernible 
organization.^^ Two representative end-view images ob- 
tained at Position B for Case n are also presented in Fig. 5. 
End-view images at the other locations are not shown here 
since Fig. 5 effectively illustrates the qualitative features of 
the end-view structures at all four imaging locations. The 
quality of the end-view images is significantly less than that 
of the side-view images because of the reduced gray-scale 
resolution and limited response characteristics of the 8-bit 
intensified camera. 

V. RESULTS 

In this section, the instantaneous side-view images, end- 
view images, and spatial correlation fields for Cases I and n 
are briefly presented to provide a firamework for discussing 
the effects of expansion strength on the firee shear layer 
structures. Detailed descriptions of the size, shape, and con- 
vection characteristics of the Case I structures can be found 
in two earUer publications,^'^ which addressed the effects 
of compressibility and local flowfield processes (e.g., shear 
layer reattachment) on the large-scale structures. These 
earUer publications did not examine the impact of the expan- 
sion process on the organized motions within the nascent 
shear layer. In the present study, the Case I shear layer is 
revisited and the Case n shear layer is introduced to discern 
the specific influence of expansion strength on the structure 

B. Statistical analysis 

A variant of the spatial correlation technique of Miles 
and Lempert*^ was employed in the present study to objec- 
tively characterize the average large-scale structure's size, 

local 

FIG. 5. Representative end-view Mie scattering images obtained at Position 
B for Case II. 
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Position A Position B Position A Position B 

Casel 

Case II 

'local 

-'local ^local 

HG. 6. Side-view spatial correlation fields for Positions A and B; the con- 
tours are in intervals of 0.1, and the outermost contour represents the 0.5 
level. 

Casel 

Casell 

FIG. 7. End-view spatial correlation fields for Positions A and B; the con- 
tours are in intervals of 0.1, and the outermost contour represents the O.S 
level. 

shape, and angular orientation at each imaging location; see 
Smith and Dutton^ for a complete description of the spatial 
correlation implementation. The correlations were computed 
using ensembles of 512 instantaneous images at each loca- 
tion to ensure stable statistical results. Reference locations 
for the correlations were selected at the center of the shear 
layer. In the following correlation fields, the isocorrelation 
contours are presented in uniform increments of 0.1 about 
the central peak, which has a value of unity by definition. 
Only correlation levels of 0.5 and greater are shown here for 
clarity. Furthermore, the 0.5 correlation contour is used for 
the determination of structure size and angular inclination. 

Figures 6 and 7 present the side-view and end-view spa- 
tial correlation fields, respectively, for Positions A and B in 
Cases I and n. As in the instantaneous images, the high- 
speed Sow is at the top of the correlation field and the low- 
speed recirculation region is at the bottom. The mean stream- 
wise flow moves horizontally firom left to right in the side- 
view correlations. In the end-view correlations, the mean 
streamwise flow moves perpendicularly to the plane of the 

correlation field. Note that all correlation fields are framed in 
a square that is one ^ocai "> dimension on edge. Table m 
contains the relevant structure measurements derived fi-om 
these side-view and end-view correlation fields. 

VI. DISCUSSION 

A. General features of the postexpansion large-scale 
structures 

For both Cases I and H, the side-view (Fig. 4) images 
clearly show that large-scale structures are present in the 
shear layers immediately downstream of separation. The 
structures seen at Positions A and B are remarkably similar 
to the results of previous visualizations of supersonic bound- 
ary layers*'""" and two-stream compressible shear 
layers:*'"**'^^"^' highly strained braid regions, elliptical or 
polygonal cores inclined toward the local streamwise direc- 
tion, and a jagged interface between the high-speed and low- 
speed sides of the shear layer. These cores and braids interact 
vigorously with the recirculation region, as evidenced by 

TABLE ni. Structure measurements derived ftom the spatial correlation fields of Figs. 6 and 7. 

End-view End-view 
Side-view Side-view transverse spanwise 
structure Side-view structure structure structure End-view 

Imaging size,     * eccenlricity. angle* size, size, eccentricity. 
location Otlde/'iacil €=l-b^^/a^^ (deg) "end'^ool *eiiil'^ocil e=l-bat/aai ^CDd/OHdc 

Casel: 
Position A 0.43±0.04 0.50±0.05 41.2±2.0 0.55±0.03 0.51 ±0.03 0.08±0.05 1.17+0.06 
Position B 0.64 OiW 40.1 0.75 0.74 0.02 1.15 

Casell: 
Position A 0.50 0.50 42.1 0.49 0.44 0.11 0.87 
Position B 0.83 0.54 40.7 0.60 0.55 0.09 0.65 

'Measured with respect to local mean streamwise direction. 
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overt engulfinents; see the lower right image of Fig. 4. The 
convoluted nature of the shear layer interface in Fig. 4 is also 
reflected in the Case n end-view images of Fig. 5, which 
shows a corrugated shear layer interface in the spanwise- 
transverse plane. The indicated cores and ribs in Fig. 5 form 
an undulating surface, with deep troughs and vertical projec- 
tions penetrating into the high-speed freestream and the low- 
speed recirculation region, respectively. Clemens and 
Mungal^' and Messersmith and Dutton^^ also saw similar 
evidence of finger-like projections encroaching across the 
shear layer interface in their visualizations of compressible 
firee shear layers. No evidence of stiiicture pairing or other 
eddy interactions was seen in any of the images acquired in 
this study. 

Since imaging of the approach boundary layers was not 
performed in the present study, it is not possible to conclude 
definitively if tiie large-scale motions seen at Position A 
were formed in the approach boundary layer or if they were 
formed subsequent to separation. It can be concluded, how- 
ever, that the lack of smooth, round, spatially uniform struc- 
tures (i.e., Brown-Roshko^* rollers) in Fig. 4 suggests that 
the comer expansion does not inhibit the action of three- 
dimensional shear layer instability modes, which are the 
dominant instability mechanisms for the high convective 
Mach number environment of this study (Af ^^ 1.3).^' In to- 
tal, the stiuctures in Figs. 4 and 5 clearly display a strong 
three-dimensionality with sb^eamwise, transverse, and span- 
wise dimensions on the order of the local shear layer thick- 
ness, ^local- 

The side-view correlation fields of Fig. 6 illustrate that 
the mean large-scale structures at all four imaging locations 
are elliptical with the major axis tilted downstream toward 
the streamwise direction. Note that the structure inclinations 
are nearly equal for all cases in Fig. 6, regardless of expan- 
sion strength or streamwise location (Table m). Ihe mean 
structures appear to occupy a major fraction of the local 
shear layer thickness, and grow substantially in nondimen- 
sional size (flside^^ocai) ^ ^cy convect from Position A to 
Position B. The end-view spatial correlations of Fig. 7 show 
that the structures' mean geometry in the spanwise- 
transverse plane is nearly circular at all imaging locations; 
therefore, estimates of structure inclinations are not appli- 
cable. The circular nature of the end-view correlations fields 
confirms the nominally two-dimensional planar character of 
the mean Sow. As was seen in the side-view correlations, the 
end-view correlations are qualitatively similar at each imag- 
ing location, differing ^tpreciably only in the nondimen- 
sional sizes (flend/^xiai)- Ths spanwise structure size, bga^, 
is roughly S0%-75% of the local shear layer thickness. 

Measurements of structure size, eccentricity, and incli- 
nation (as determined from the spatial correlation fields 
shown in Figs. 6 and 7) confirm the gross similarity of the 
large-scale structures within the Case I and Case n shear 
layers; see Table in. The structures seen at Position A for 
both expansions have nearly equivalent streamwise sizes 
(flside) of roughly 50% of Sia^ai- The structures at Position A 
also possess a spanwise extent (bg^ of approximately 50% 
of ^ocai» which is comparable with Spina and Smits'^ and 
Spina etal.'s^ finding that the structures in a Mach 3.0 

boundary layer have a spanwise correlation length of roughly 
45% of SQ. The uniformity of the eddy sizes, eccentricities, 
and inclination angles at Position A in both Cases I and II 
suggests that the planar separation process itself, and not the 
expansion strength, is the primary contributor to the initial 
postexpansion eddy morphology. Herrin and Button^ simi- 
larly observed from LDV measurements that the initial Rey- 
nolds shear stresses in a postexpansion compressible free 
shear layer appeared to be primarily influenced by the axi- 
symmetric separation process; the expansion strength was 
shown to have only a minor influence on the turbulence. The 
side-view and end-view eccentricities at each imaging loca- 
tion are roughly 0.50 and 0.05, respectively, which reflect the 
ellipsoidal shape of the mean structures. For both Cases I and 
n, side-view images show the large-scale structures at Posi- 
tions A and B to be inclined approximately 41° fix)m the 
local streamwise direction, which agrees very well with re- 
ports of structures in supersonic turbulent boundary layers 
being inclined at roughly 45° to the streamwise 
direction.2-^-«-'2.i4-" 

"Die ratio b^la^ for Case I and Case II (Table III) 
indicates that the Case I structures are organized slighdy 
preferentially in the spanwise direction, while the Case II 
structures possess a primary correlation length in the stream- 
wise direction. The behavior of the ratio bea&la^i^ can be 
explained by considering the effects of the expansion fan on 
embedded structures in the q>proach boundary layers. The 
primary action of the planar expansion fan is expected to 
operate on the streamwise and transverse dimensions of the 
structures. In contrast, the spanwise dimension of the struc- 
tures should remain relatively unaffected in this nominally 
planar two-dimensional flow. Therefore, as the structures in- 
crease their streamwise and transverse dimensions through 
the expansion, the ratio frend/'iside decreases since the span- 
wise dimension remains roughly constant. Hiis distortion of 
the approach boundary layer structures is magnified for 
stronger expansions, which is consistent with the current re- 
sults. Amette etal}^'^^ also found that the streamwise and 
transverse dimensions of the embedded stioictures in super- 
sonic boundary layers increased as a result of expansions. 

Tlie large disparity in approach boundary layer thick- 
nesses for Case I and Case n was not reflected in the nondi- 
mensional structure sizes (a^S^oc^ or aeod^^ocai) measured 
immediately downstream of the expansion at Position A; see 
Table m. Recall that upstream of the expansion comer, the 
Case I boundary layer was 130% thicker than the Case n 
boundary layer (see Table n). Despite the boundary layer 
thickness mismatch before separation, the stractures ob- 
served at Position A for Cases I and n possess essentially 
equivalent nondimensional sizes when considering die un- 
certainty of the aside, aend> snd ^locai measurements. Hie 
uniformity of stmctures sizes at Position A for both Cases I 
and n may be a result of the two q)proach boundary layers 
sharing identical stagnation conditions and ultimately ex- 
panding to identical static pressures and static temperatures. 
The shear layers that form at the expansion comers initially 
grow beneath the remnants of the separated boundary layers, 
then eventually spread wide enough to consume these 
boundary-layer remnants. Therefore, the similar structure 
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FIG. 8. Transverse profiles of mean sUeamwise velocity at Position A. 

sizes at Position A in Cases I and n would be evidence of the 
similar fLowfield conditions (e.g., velocity ratio, density ratio, 
convective Mach number, etc.) of the two shear layers in 
Cases I and n (Table H). 

B. Effects of expansion strength on large-scale 
structure organization 

Several authors have determined that the expansion 
strength magnitude plays an important role in the velocity 
field development downstream of supersonic turning 
comers. "'^"^*'''* For example, Narasimha and Viswanath'** 
have shown that for very strong expansions (e.g., |Ap|/T,y 
>70), the effects of the Reynolds stresses on the mean flow 
become negligible, and the post-expansion turbulence field 
may exhibit some quasilaminar characteristics. It is impor- 
tant to note that Narasimha and Viswanath's"** criterion was 
developed for compressible boundary layers; however, it 
seems reasonable to apply their criterion, at least in a quali- 
tative sense, to the compressible shear layers of the current 
investigation. Here, the Case I expansion corresponds to a 
|Ap|/T^ value of 74, whereas the Case n expansion corre- 
sponds to a |Ap|/T«,^ value of 151. Based on this criterion, 
the flowfields of both Cases I and n should be significantly 
affected by the expansion process, especially the Case II flow 
field. 

Hie expansion strength disparity between Cases I and n 
is reflected in the relative growth rates of the free shear layer 
structures. The side-view correlation fields in Fig. 6 and the 
a,ide/^ocai ^^ of Table m illustrate that the structures' non- 
dimensional growth rate between Positions A and B is 
greater in Case n than in Case I. The larger growth rate of 
the Case n structures can be explained by considering the 
influence of the expansion process on the mean velocity 
field. As shown in Fig. 8, the mean streamwise velocity pro- 

files (from LDV surveys) at Position A for Cases I and n 
both exhibit kinks at a transverse location of roughly 
y/5veiocity'*'0-3- (In the present study, i5veiodty was measured 
to be approximately 1S0% of Syoa^ ^'^ ^^^ °^ the imaging 
locations.) These Idnks, which represent abrupt changes in 
the mean streamwise velocity gradient, mark the interface 
between the inner and outer regions of the postexpansion 
shear layer.^ The magnitude of the Reynolds shear stresses, 
{u'v'), (not shown) is nearly equivalent for both cases for 
y/5veiocity>0-3; howevcr, the larger streamwise velocity gra- 
dient, dUldy, of the Case H shear layer for y/^veiodty^O.S 
should lead to greater turbulence activity in the Case n shear 
layer via the {u'v')dUldy production term in the TKE 
equation. The augmented turbulence activity of the Case n 
shear layer should also result in increased entrainment rates 
along the shear layer. It foUows, therefore, that the stronger 
expansion of Case n produces a turbulence environment that 
is more conducive to large-scale structure growth, as evi- 
denced by the larger growth rate shown by the Case n struc- 
tures between Positions A and B (Table m). 

Although the expansion strength appears to influence the 
growth rate of the large-scale structures in the free shear 
layer, it does not seem to significantly affect the initial dis- 
tribution of spatial correlation within the postexpansion 
large-scale structures. As discussed earlier, the side-view 
correlation contours at the 0.5 level were each inclined ap- 
proximately 41° from the streamwise direction at all four 
imaging locations. Closer inspection of the side-view spatial 
correlation fields shown in Fig. 6 reveals that all correlation 
contours (i.e., the 0.5-0.9 levels) within each mean structure, 
not just the 0.5 contour, are aligned along a common incli- 
nation axis. Similar correlation contour alignments have 
been shown in supersonic boundary layers, both for flat-plate 
zero-pressure gradient flows***^"'*'" and downstream of 
strong expansions without separation," and in axisynunetric 
free shear layers downstream of a mild supersonic 
expansion.^' The consistency of the contour inclinations in 
the present study confirms that strong expansion and separa- 
tion processes do not preclude a high degree of spatial co- 
herence in the free shear layer structures. 

To fiulher assess the influence of expansion strength on 
the correlation characteristics within the mean structures, 
traces along the major axes of the side-view and end-view 
spatial correlation fields were performed at each imaging lo- 
cation. As can be seen in Fig. 9, the dissimilar expansion 
strengths of Cases I and II resulted in negligible differences 
in the spatial distribution of correlation level within the mean 
structures at Position A. Correlation traces at Position B (not 
shown) were qualitatively similar to the results seen at Posi- 
tion A. The absence of a discernible effect of expansion 
strength on the distribution of spatial correlation within the 
mean large-scale structures further supports the conclusion 
that the separation process itself, and not the expansion 
strength, is the primary influence on the initial large-scale 
structure organization in the developing free shear layer. 

Since large-scale motions are primarily responsible for 
the generation of Reynolds shear stresses, the influence of 
expansion strength on structure organization can be further 
characterized by examining the Reynolds shear stress re- 
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FIG. 9. Traces of conelation level along major axes of (a) side-view and (b) 
end-view spatial conelation fields at Position A. 

sponse over a range of expansion magnitudes. In the present 
study, the quadrant decomposition technique^^ was em- 
ployed to sort two-component LDV realizations from Cases I 
and n into four possible shear-stress quadrants: QI(u' 
>0,i;'>0), Qn(«'<0,i;'>0), Qffl(«'<0,i;'<0), and 
QIV(«'>0,i;'<0). The quadrant decompositions were per- 
formed within the approach boundary layers and at Positions 
A and B. The transverse locations of the quadrant decompo- 
sitions corresponded to the peak ensemble-averaged shear 
stress at each stieamwise location. 

Following normalization of the u' and t;' fluctuations by 
the local streamwise and transverse root-mean-square veloc- 
ity fluctuations, respectively, die quadrant decomposition re- 
sults for Case I (shown in Fig. 10) and Case n (not shown) 
were seen to be qualitatively similar at respective locations. 
In the approach boundary layer, the instantaneous shear 
stresses are largely dispersed over all four quadrants with 
only a mild preference for QII and QIV events. Downstream 
of the comer expansion, however, the shear stress distribu- 
tion at Position A exhibits a strong tendency toward QII and 
QIV events along a preferential stress axis, thereby indicat- 
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FIG. 10. Quadrant decompositions of instantaneous velocity fluctuations for 
Case! 

ing a significant reorganization of the shear stress field due to 
the expansion process. Note that firequent QII and QIV 
events at Position A are consistent with the known entrain- 
ment activity of large-scale structures bordering the recircu- 
lation region beneath each shear layer. The degree of shear 
stress reorganization seen at Position A did not appear to 
correlate with expansion strength (i.e., the stronger expan- 
sion of Case n did not produce s^reciably different quad- 
rant decompositions than did the Case I expansion). Similar 
to the present planar boundary layer study, Herrin and 
Dutton^^ also observed that centered expansions of a Mach 
2.5 axisymmetric boundary layer produced significant reor- 
ganization of the shear stress distribution toward QII and 
QIV events. Furthermore, Herrin and Button^ also con- 
cluded that expansion strength did not ^pear to dictate the 
level of shear stress reorganization. Therefore, as was seen in 
the spatial correlation distribution results presented above, 
the initial shear stress response to the comer expansion ap- 
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pears to be intrinsic to the separation process and is largely 
independent of the expansion strength per se. 

Hie quadrant decompositions shown in Fig. 10 clearly 
show that the large-scale structures in the developing free 
shear layer are more organized than the structures in the 
approach boundary layer. This observation is in contrast with 
the results of Amette et al.,^^ who studied the effects of cen- 
tered and gradual expansions on attached supersonic bound- 
ary layers. In their investigation, Amette eteU}^ concluded 
that large-scale structures within the approach boundary 
layer were weakened by the expansion process, as evidenced 
by drastic reductions in turbulence intensities, Reynolds 
shear stresses magnitudes, and wall-normal transport levels 
downstream of the distortion region. The differing postex- 
pansion response of the large-scale structures in free shear 
layers and in attached boundary layers is most probably due 
to the disparate boundary conditions (i.e., solid wall vs recir- 
culation region) downstream of the expansion comer along 
the low-speed side of the flow. 

The quadrant decompositions in Fig. 10 are quite similar 
at Positions A and B, which suggests that the large-scale 
structures retain their preferential shear stress organization as 
they convect downstream. The side-view spatial correlation 
fields in Fig. 6 also showed that the large-scale structures 
retain their spatial correlation as they convected from Posi- 
tion A to Position B. The parallel behavior of the quadrant 
decomposition maps (Fig. 10) and the side-view spatial cor- 
relation fields (Fig. 6) clearly demonstrates the linkage be- 
tween the velocity field and die large-stmcture dynamics de- 
termined from the Mie scattering visualizations. 

VII. CONCLUSIONS 

In the present study, planar imaging, spatial statistics, 
and LDV velocity decompositions have been performed to 
characterize the effects of supersonic expansions on the 
large-scale structures in developing free shear layers behind 
a backward-facing step. For two dissimilar expansion 
strengths, side-view and end-view images confirmed that 
large-scale structures immediately downstream of the expan- 
sion comer are remarkably similar to previous observations 
of large-scale structures embedded in supersonic boundary 
layers and highly compressible two-stream free shear layers. 
Quantitative measurements from side-view and end-view 
spatial correlation fields confirmed diat the structures in both 
expansion cases were ellipsoidal, with a characteristic length 
scale on the order of the local shear layer thickness. The 
differing expansion stiiengths did not appear to influence the 
initial nondimensional stracture size, inclination, or eccen- 
tricity. The spatial correlation contours within the mean 
structures were also seen to be uniformly aligned along a 
common inclination axis of approximately 41°, implying that 
the postexpansion large-scale structures are extremely coher- 
ent in both cases. Tlie differing expansion strengths did not 
produce a significant difference in the correlation level dis- 
tribution within the mean structures. However, the stronger 
expansion was foimd to ^preciably increase the growth rate 
of the large-scale stractures in the initial portion of the free 
shear layer, presumably due to elevated distortions of the 

turbulence field downstream of the shear layer origin. Fur- 
thermore, the stronger expansion resulted in a disproportion- 
ate stretching of the large-scale structures in the streamwise 
and transverse directions as compared with the spanwise di- 
rection, which is consistent with the expected action of a 
planar two-dimensional expansion fan. 

Quadrant decompositions of the instantaneous velocity 
fluctuations, obtained using LDV data from the approach 
boimdary layers and at the two imaging locations, were 
qualitatively similar at respective streamwise locations for 
both expansion cases. Additionally, the quadrant decomposi- 
tions in this study illustrated significant consolidations of the 
instantaneous Reynolds shear stress distributions across both 
expansions, which indicates that the large-scale stmctures in 
the free shear layers are more organized than the large-scale 
structures in the approach boundary layers, regardless of ex- 
pansion strength. The increased structure organization seen 
downstream of the expansions in the present fi^ shear layers 
is in contrast with the observations of attached supersonic 
boundary layers, which displayed a weakening of the struc- 
ture organization across the expansion region. Finally, the 
instantaneous images, spatial correlations, and quadrant de- 
compositions in the present study uniformly suggest that the 
separation process itself, and not the expansion strength, is 
the dominant influence on the large-scale stracture character- 
istics in the initial separated free shear layer. 
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The large-scale turbulent structures in the near wake of a boattailed, axisymmetric afterbody immersed in a 
supersonic flow are examined using a planar Mie/Rayleigh scattering visualization technique. Seven key regions 
in the near wake are studied in both side- and end-view orientations. Estimates of the mean structure size, shape, 
and inclination are made using spatial correlation analysis, and the effects of the turbulent structures' passage are 
measured via steadiness and convolution analysis techniques. The results indicate that base drag is decreased by 
afterbody boattailing because the turbulent structures are generally less active in the separated flow region, and, 
as a result, shear-layer growth is suppressed. The latter result occurs because the large-scale turbulent structures 
are further inclined down toward the mean flow direction and tend to be organized more in the streamwise than 
in the spanwise direction near the base. 

Nomenclature 
A = area 
A,B,BC, ~ imaging positions 
C, D, DE, E 
a = major axis 
b = minor axis 
h = horizontal 
M = Mach number 
Mc = convective Mach number 
Re ^ Reynolds number 
r = radius 
x,y,z =; cardinal axes 
fi = body surface angle 
S = shear-layer thickness 

Subscripts 

base = property of the base 
cen = relative to the end-view centroid 
end = end view 
local = local property 
r = reattachment 
side — side view 

Superscript 

fluctuation 

Introduction 
THE primary goal of this work is to characterize the nature and 

structure of the organized turbulence present in the separated 
flow region immediately following the termination of a boattailed 
afterbody in a supersonic flow. A detailed schematic of the flow is 
given in Fig. 1. TTiere are many features that complicate the nature 
of the organized turbulence in such a flow. These include expansion 
fans that form at both the boattail junction with the body and at the 
base comer, recompression shocks that form as the separated shear 
layer approaches the symmetry axis, and a strong recirculation re- 
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gion located immediately adjacent to the base. It is because of the 
interaction of these features with the organized turbulence that com- 
puter modeling of such flows is quite challenging.'-^ For this reason 
it is critical that experimental studies continue to explore base flows 
of various geometries and with different tud}ulence characteristics. 

Great strides have been made in improving the drag characteris- 
tics of missiles and projectiles by mo(Ufying the base geometry.'"* 
Boattailing, or introducing a constant body surifoce angle ^ prior to 
separation (Fig. I), has been shown to significantly increase base 
pressure (and thus reduce base drag). Several researchers*'*' have 
empirically established the effects of boattailing on base pressure 
for varying boattail angles, Mach numbers, and Reynolds numbers. 
A recent study by Herrin and Dutton* has taken this research a step 
further, using laser Doppler velocimetery (LDV) to characterize the 
effects of boattailing on the near-wake velocity field. This study 
showed that, in addition to reducing the overall base drag by 17% 
for the current boattailed geometry, the shear-layer growth rate is re- 
duced by 20%, and peak turbulence levels are significantly reduced 
(18% reduction in peak turbulent kinetic energy) compared to the 
blunt-base case.*' These authors concluded that the decreased levels 
of turbulence in the preseparation boundary layer and the decreased 
strength of the expansion at separation cause these differences. Fur- 
ther investigation'" has shown that, although decreased expmsion 
strength reduces the overall turbulence level in the shear layer, it 
does not significantly alter the "turbulence structure" downstream 
of the expansion, i.e., the relative distribution of turbulence energy 
between the Reynolds stress components is relatively unaffected. 

LDV and hot-wire anemometty provide critical information about 
ffielmeati md^imrvaocities'o^^^ 
of the measurements generally limits their ability to examine the 
large-scale turbulence structure present in shear flows. Essentially, 
the passage of a large-scale structure is indicated in the velocity data 
gathered by these techniques, but rigorous information about the na- 
ture of the turbulent structure itself is not. Particle image velocime- 
try provides planar velocity measurements, but the complexities of 
seeding a compressible, reattaching flow are many and have pro- 
hibited its past use in flows of tiiis type.""" Thus, although diese 
techniques improve our understanding of base flows, they are inca- 
pable of visualizing and completely characterizing the turbulence 
structure in the base region. 

For these reasons flow-visualization techniques are necessary to 
obtain information about the coherent structures present in com- 
pressible base flows. Because both the gross flow geometry and the 
turbulence structure organization are not planar in nature, any visu- 
alization technique that is used must either yield three-dimensional 
visualizations or illuminate multiple tiiin slices of the flowfield 
to resolve the three-dimensional features of the turbulence. For 
the thermodynamic conditions present in the current flow facil- 
ity, a planar Mie scattering visualization technique that relies on 
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Fig. 1   Schematic of mean near-wake liowfield and imaging positions 
beliind boaltaited afterbody. 

the condensation of ethanol'* has proven its value in studying the 
turbulent structures present. This planar Mie scattering technique is 
used to visualize the interface between the freestream and recircula- 
tion/wake core fluids, and spatial correlation, steadiness, and shape 
factor analyses are applied to images recorded at key locations in 
the flowfield. From these analysis techniques information is gained 
about the mean size, eccentricity, and orientation of the turbulent 
eddies present in the shear layer; about the instantaneous position 
and enclosed end-view area of the core fluid; and about the degree 
of convolution of the freestream/corc fluid interface. 

Flow Facility 
These experiments were performed in the axisymmetric base flow 

facility at the University of Illinois at Urbana—Champaign. The 
mean freestream Mach number is 2.46, and the unit Reynolds num- 
ber is 52 X 10* m"'. The freestream turbulence is quite low, less 
than 1%. Physical support for the afterbody base model is provided 
by a cylindrical sting that extends upstream through the nozzle to 
avoid any flow disturbances in the near wake. A more comprehen- 
sive description of the facility is given in Ref. 9. 

The boattail implemented in the current study (Fig. 1) has a coni- 
cal shape with a convergent angle of 5 deg in relation to the symmetry 
axis. The boattailing occupies the last 31.75 mm of the afterbody 
length or 1 base radius. This angle was chosen because it is near the 
optimal boattail angle given for minimum afterbody drag at Mach 
2.5 (Ref. 4). 

Instrumentation and Procedure 
A challenge facing the current experiments was to find a technique 

that allows direct visualization of the lai^e-scale turbulent structures 
that contain and convect the turbulent energy in a boattail flow. As 
already mentioned, Mie scattering from condensed ethanol droplets 
has been applied to accomplish this goal, as outlined by Clemens and 
Mungal.'" This technique has been successfully applied to other base 
flows.'^"" The thermodynamic characteristics of ethanol dictate 
that, given the stagnation conditions of the experimental facility, 
the ethanol vapor seeded into the freestream will condense at a 
Mach number above approximately unity.^ Thus, the interface that 
is visualized separates the supersonic freestream from the subsonic 
recirculation and wake core regions. 

The ethanol is injected at 0.23% mass fraction well upstream of 
the test section to ensure complete evaporation and uniform distribu- 
tion in the freestream. The ethanol recondenses into a fine mist as the 

Camera 

Vibration-Isolated Table 

Fig. 2   Mie scattering image acquisition system. 

airflow is accelerated through the supersonic converging-diverging 
nozzle. The condensed ethanol droplet size has been estimated^" to 
be approximately 0.05 fim, which is easily small enough to accu- 
rately follow the flow. A 200-/im-thick laser sheet illuminates the 
ethanol fog. The illumination is generated from a Nd:YAG laser 
beam that is foimed into a sheet by a series of beam-shaping optics. 
A 14-bit unintensified charge-coupled device camera collects the 
scattered light. Figure 2 contains a schematic of the data-acquisition 
apparatus. Further information about the Mie scattering diagnostic 
and the saturation characteristics of ethanol can be found in Ref. 20. 

From these images the mean size, shape, and eccentricity of the 
large-scale turbulent images can be determined through the use of a 
spatial correlation technique." Flapping motions of the shear layer 
can also be determined," and the degree of convolution or tortuous- 
ness of the interface between the freestream and core fluid can be 
examined."'^' The latter feature is related to the "mixing potential" 
between the recirculating and freestream flows. 

Results and Discussion 
Overall Features 

Instantaneous global composite images of the near-wake region 
of the boattailed and blunt-based afterbodies are presented in Fig. 3. 
When comparing these two images," several key differences are 
apparent. The recompression shock system appears much weaker 
in the boattail near-wake, such that individual shocks cause smaller 
light intensity changes in the images, if they are apparent at all. 
Because of the weaker recompression process in the boattail near- 
wake, the interface between the outer freestream and iimer core fluid 
(i.e., the shear layer) demonstrates a smaller degree of curvature as it 
realigns with the symmetry axis. This interface appears to be much 
smoother in the present study than in the blunt-based near-wake 
region as well, indicating that turbulent structures are less active in 
the near-wake because of the afterbody boattail. 

There are four distinct regions of interest in the near-wake flow- 
field: the postseparation shear layer (imaging positions A, B, and 
BC in Fig. 1), the recompression region (C), the reattachment region 
(D), and the trailing wake (DE and E). Each of these regions is char- 
acterized by various influences on the properties and turbulence 
structure of the shear layer. In the postseparation region the shear 
layer is dominated by velocity ratio and compressibility effects. The 
convective Mach number in Ais region is very high, nominally 1.35 
(Table 1), indicating that the turbulence structure is highly three- 
dimensional and that interaction between the turbulent structures is 
suppressed. As the moniker suggests, the recompression region is 
characterized by an adverse pressure gradient, which is generated 
as the shear layer is turned along the streamwise axis. In the reat- 
tachment region the shear layer experiences the extra strain rates of 
lateral streamline convergence and concave streamline curvature as 
it approaches the symmetry axis. In the developing wake region the 
extra strain rates are relaxed, and the mean velocity along the cen- 
terline increases, so that the convective Mach number falls below 
0.6. Therefore, two-dimensional instability modes and increased 
structure oiganization occur. 

Seven locations have been chosen for image acquisition in the 
boattail near-wake flowfield (Fig. 1, bottom). These locations were 
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Table 1   Coordinates and flow parameters at imaging positions for boattail flow 

Distance from Convective Mie scattering Mie scattering End-view 
Imaging base comer. Mach number shear-layer shear-layer lecirculation/wake 
position Region nun Mc thickness SMK, mm angle, deg core area (Ame.nMb.se) 

A Sliear layer 19.1" 1.25 2.43 12.5 0.636 
B Shear layer 38.1" 1.43 3.31 14.0 0.484 
BC Shear layer 53.4« 1.36 3.49 12.5 0.254 
C Recompression 76.3' 1.22 3.64 8.6 0.130 
D Reattachment 89" 1.07 .4.40 0.154 
DE Near wake US.?" 0.67 6.04 0.082 
E Near wake H2A^ 0.42 7.58 0.032 

'Measured from base comer.    ''Measured along centeriine. 

Fig. 3 Instantaneous global composite images of boattailed (top) and 
blunt-based (bottom) near-wake flowfields. 

chosen to maximize understanding of the base flow by highlighting 
the varying influences in each region, as just described. Table 1 
displays general data about the imaging locations, including position 
in relation to the base, local convective Mach number, shear-layer 
thickness, shear-layer angle in relation to the axis, and local end- 
view enclosed area. The imaging position labels (A, B, BC, etc.) have 
been assigned to correspond to the labels of past imaging studies. "■' * 
Ensembles of approximately 500 images have been gathered at each 
imaging location in both side and end views. Ensembles of this size 
have been shown to be sufficient to produce stable statistics from 
the spatial coirelation analysis.'^ 

The general shape and orientation of the turbulent structures 
found along the freestream/core interface have been established pre- 
viously for both planar'^ and axisymmetric" compressible, recir- 
culating flows behind blunt-based afterbodies. The general features 
of the turbulent structures in the current boattail flowfield are qual- 
itatively similar to earlier results: stringy, filamentlike structures in 
the side view, and ejection-type mushroom shapes in the end view. 
The side-view structures, as seen in preceding flows, are elliptical 
and/or polygonal and inclined toward the local flow direction. Sam- 
ple instantaneous side- and end-view images are presented in Figs. 4 
and 5 in the free shear layer (position B), reattachment (position 
D), and developing wake (position E) locations in the near wake. 
The primary difference between these and the preceding blunt-base 
image sets is the level of activity apparent in the images. Smaller- 
scale structures are much less visible for the boattail flow, and the 
largest scales present are much less strained and "violent" in appear- 
ance. The velocity measurements of Herrin and Dutton' support this 
conclusion with observations that flie turbulent kinetic energy and 
shear-layer growth rate are substantially suppressed as a result of 
afterbody boattailing. 

Shape Factor Analysis 
The shape factor, a measure of the shear-layer convolution or tor- 

tuousness, is defined as the actual interfiace length in a given image 
divided by the corresponding minimum interface length (straight 
line in side views, circle in end views). Tbt shape factor is slightly 
lower at all imaging locations (Fig. 6) in the boattailed afterbody case 
than in the blunt-base case in the side view, supporting the observa- 

Fig. 4 Instantaneous side-view images fh>m position B in the devel- 
oping shear-layer region (a, b), position D in the reattachment region 
(C d), and position E in the developing wake (e, f). 

tion of less turbulence activity. In the end-view orientation (Fig. 7) 
both axisymmetric geometries possess roughly equal shape &ctors 
at all imaging locations, except in the trailing wake. Qearly, the in- 
sensitivity of the end-view shape factor to base geometiy suggests 
that boattaUing more significantly affects the streamwise turbulence 
structure than the circumferential (spanwise) structure seen in the 
end views. In agreement with this observation, it has been shown via 
LDV measurements^ that the streamwise Reynolds normal stress is . 
much more profoundly affected by the strength of the comer expan- 
sion, which is different for the blunt-base and boattail cases, than is 
the transverse normal stress. 

Figure 8 presents a comparison of the number of laige-scale struc- 
tures visible, on average, at each end-view imaging location between 
the boattailed and blunt-based afteibody near-wake flowfields. This 
figure shows that in the initial stages of the shear layer, where it has 
not yet reached self-similar conditions,^ there are approximately 
20% more structures for the boattail case than for the blunt-base 
case. When the shear-layer thickness data of Table 1 are compared 
with the blunt-base data," the shear-layer growth rate is found to 
be much lower for the boattail, just as found from LDV velocity 
data.' This result shows that there is less entraiiunent of fluid firom 
the base region (and freestream) into the boattail shear layer, despite 
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Fig. 5 Instantaneous end-view images from position B in the devei- 
oping sliear-layer region (a, b), position D in tlie reattacliment region 
(C d), and position E in tlie developing walce (e, !)• 
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Fig. 6 Side-view sliape factor for l)oattailed and blunt-based cases. 
Vertical bars denote rms shape factor values (i.e., one standard 
deviation). 

the presence of a larger number of end-view turbulent structures. In 
turn, this reduced entrainment results in a higher base pressure (and 
lower base drag) for the boattailed afterbody.' 

Shear-Layer Steadiness Analysis 
The steadiness characteristics of the shear layer can be deduced 

from instantaneous images by monitoring the location of the inter- 
face between the fieestream and core fluids. The interface is desig- 
nated here as the location where the scattered light intensity drops 
to 20% of the peak value seen in the shear layer. The shear-layer 
position (nonnal to the streamwise direction) in each instantaneous 
side-view image can be compared with that of the entire ensemble, 
and bulk shear-layer motion can thus be detected. In the end view 
the shear layer is nominally a circular, closed curve. Because of this, 
both pulsing <or expansion/contraction) and flapping (or centroidal) 
motions can be described. 

Figure 9 is a plot of the area-based fluctuations (normalized by 
the local mean area) seen in the end views of both the boattailed and 
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Fig. 7 End-view shape factor for boattailed and blunt-based cases. 
Vertical bars denote rms shape factor values (i.e.^ one standard 
deviation). 
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Fig. 8 Number of structures visible in the end-view orientation for 
boattailed and blunt-based cases. Vertical bars denote rms structure 
values (i.e., one standard deviation). 
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Fig. 9 RMS end-view area fluctuations normalized by the local mean 
end-view area. Vertical bars denote the statistical uncertainty of the 
measurements. 

blunt-based flow geometries. Prior to the mean reattachment point, 
the area-based fluctuations are a relatively constant percentage of the 
local mean end-view area, approximately 4% for the boattailed geo- 
metry. This value is less than that seen in the blunt-based geometry 
at all but the position closest to the base. The lower level of end-view 
fluctuations in the boattail case suggests that the boattail expansion 
one base radius upstream of the base comer can reorient turbulence 
into axisymmetric modes that are quickly damped at downstream 
positions as a result of the high convective Mach number in this 
region. In agreement with this hypothesis, Herrin and Dutton'" have 
shown that the overall turbulence level near the base is much lower 
in the boattail case than in the blunt-base case. They also indicate 
that the peak transverse Reynolds normal stress is initially higher 
for the boattail than the blunt-base case, but is quickly diminished 
to levels lower than for the blunt base slightly downstream. In a 
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similar vein several studies indicate that, as the convective Mach 
number increases above 0.6 for planar shear layers, the spanwise 
two-dimensional oi;ganization of the lai;ge-scale structures breaks 
down in favor of three-dimensional instability modes,'*'^"" and 
the overall turbulence level decreases.^-^' 

In the developing wake the area-based fluctuations become sig- 
nificantly larger than prior to the mean reattachment point, caused 
primarily by the increasing role that the passage of a single struc- 
ture has on the total core fluid area." At the last imaging location 
(position E), Fig. 9 shows that the area fluctuations are significanfly 
larger for the boattail geometry than the blunt-based geometry, but 
this result is slightly misleading. The local area of the wake core 
is significantly smaller in the boattail case than in the blunt-base 
case. Therefore, much smaller area fluctuations are necessary in 
the boattail case to provide large variations in A'jt^^/Aiaai- When 
normalized by the base area (constant), for instance, the area fluctu- 
ations are approximately four times smaller in the boattail case than 
in the blunt-based case. 

Boattailing seems to dramatically decrease apparent end-view 
flapping motions, as demonstrated in Fig. 10 where the ims cen- 
troid position m the end views is plotted vs downstream position. 
Flapping motions increase monotonically with downstream distance 
in the boattail flowfield, unlike the flapping motions seen in pla- 
nar (not shown) and axisymmetric blunt-based flowfields. The en- 
hanced flapping seen in the recompression (position C) and wake- 
development regions (position E) caused by "sloshing" motion" 
for the blunt base is also missing in the boattail geometry. By view- 
ing scatter plots of the instantaneous core fluid centroid location 
at these two positions (Fig. 11), it is j^arent that such horizontal 
motions are not present in the boattail base flowfield. In contrast 
to the blunt-base geometry, the instantaneous centroid positions for 
the boattailed afterbody are roughly equally likely in any of the four 
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Fig. 10 RMS end-view centroid position fluctuations for lioattailed 
and blunt-based cases. Vertical bars denote the statistical uncertainty 
of the measurements. 
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Fig. 11   End-view centroid positions at locations C and E in boattailed 
and blunt-based afterbody near-wake flowfields. 
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Fig. 12 RMS side-view shear layer position for boattailed and blunt- 
based afterbody near-wake flowfields. Vertical bars denote the statistical 
uncertainty of the measurements. 

quadrants. In the blunt-base case the sloshing motion was linked 
to asymmetry in the organization of the large-scale structures at 
imaging locations C and E, which can be caused by the strong ad- 
verse pressure gradient (position C) and to the low convective Mach 
number (position E) present at these locations. The weaker recom- 
pression region in the current boattail flow configuration may have 
prevented such a phenomenon fn>m occurring at position C, whereas 
the upstream disappearance of this phenomenon may prevent it from 
occuiring in die wake region. 

The ims magnitude of flapping motions (when normalized by the 
local shear-layer thickness) in the boattail geometry appears to be 
very similar to that for the bluni-based geometry when viewed from 
the side (Fig. 12). Key differences are evident near the base (position 
A) and at the mean reattachment point (position D) where die flap- 
ping motions correspond to a significantly larger percentage of the 
local shear-layer thickness for the boattail than for the blunt base. In- 
creased side-view flapping motions near the base are consistent with 
the enhanced area-based fluctuations seen in the end views (Fig. 9). 
At the mean reattachment pomt the side-view flapping enhancement 
is most likely linked to the much smaller shear-layer thickness and 
proximity of the freestream/coft interface to the symmetry axis for 
the boattail geometry. These factors enhance the sensitivity of the 
measurements to the passage of individual parcels of fluid from the 
base region into the developing wake. 

Spatial Correlation Analnb 
A spatial autocorrelation analysis technique, similar to that de- 

scribed by Messersmith and Dutton^ and Smidi and Dutton,'^ has 
been applied to large ensembles of images, such as diose presented 
in Figs. 4 and 5. Objectnre information about the mean structure 
size, shape, and orienution can be gleaned from such an analysis, 
while liniiting the subjectiver>ess of personal bias. Ensembles of ap- 
proxiinafely^500 images have been usedintiiespatial<xnrelation 
analysis at each imaging position and for each orientation. The 0.5- 
correlation contour (where the central peak is normalized to a value 
of 1.0) has been previously established as the basis for determining 
the mean structure's characteristics.'^-'*''*"-^ 

Figure 13 displays contour plots of the side-view correlation fields 
obtained at all seven imaging positions examined in this study. The 
image frames are sized such that the length of the vertical edge of 
the frame is approximately equal to the local shear-layer thickness. 
The contour levels have been chosen so that die outer contour is 
the 0.5 level, and successive contours increase in 0.1 intervals. All 
of the contour plots in this figure are oriented such that die local 
streamwise flow direction is horizontal and firom left to right vdth 
the high-speed freestream on top. As seen in other related com- 
pressible shear flows,'^"-^ the average structures are elliptical in 
shape and inclined toward the local flow direction. Prior to the re- 
compression region, position C, the structures remain essentially 
"frozen," changing relatively littie in size, sh^ie, and orientation. 
The recompression process dramatically strains the structures in the 
streamwise direction, making the mean structures elongate and dip 
downward toward the local streamwise direction, much as seen in 
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Fig. 13   Side-view correlation fields for all imaging locations. Contours 
are at 0.1 intervals from 0.5 to 0.9. 

previous studies"'" of planar and axisynimetric blunt-base reat- 
taching flows, respectively. In the developing-wake (positions DE 
and E) the mean structures diminish in size and become less ec- 
centric as the adverse pressure gradient vanishes and the convective 
Mach number decreases. 

Another significant feature of the correlation field seen in pre- 
vious studies"-'* is the behavior of the angular orientation of 
the inner (higher correlation level) contours. Smith and Dutton" 
found that the inner contours tend to be rotated with respect to 
the 0.5 contour level in regions of the flow where adverse pres- 
sure gradients (destabilizing influence) act on the structures. They 
observed that contour rotation of this type occurs in the recom- 
pression (position C) and reattachment (jwsition D) regions of a 
planar, reattaching base flow. Bourdon and Dutton" found simi- 
lar results in their axisymmetric blunt-based reattaching flow, but 
further upstream in the traUing portion of the free shear-layer re- 
gion (position B) and in the recompression region (position C), 
although not at the mean reattachment point. The absence of con- 
tour rotation at the mean reattachment point, where there is def- 
initely an adverse pressure gradient, was attributed to the cancel- 
lation effect of lateral streamline convergence (stabilizing), which 
is present in the axisymmetric reattachment process but not in the 
planar reattachment process. Interestingly, in the present boattailed 
flow contour rotation is evident in the recompression and reat- 
tachment regions (positions C and D), but not farther upstream. 
The apparent similarity of these results to the planar (and not the 
blunt-based axisymmetric) geometries is explained by the weak- 
ened recompression process (higher base pressure) and elongated 
recirculation region caused by afterbody boattailing. The weakened 
recompression process limits the region over which the strong ad- 
verse pressure gradient acts. Thus, inner contour rotation is not 
evident at positions B or BC in the developing shear layer. The 
presence of contour rotation at the mean reattachment point (po- 
sition D) indicates that, because of the decreased curvature of 
the streamlines in the vicinity of the mean reattachment point 
(as a resuh of the weakened recompression process and longer 
reattachment length), lateral streamline convergence effects a»« 

K 

DE 

Fig. 14   End-view spatial correlation fields for imaging locations B-E. 
Contours are at 0.1 intervals fh>m OS to OS. 

much weaker in the boattail geometry than in the blunt-based 
geometry. 

The end-view correlation fields for positions B-E are presented 
in Fig. 14. These correlation contours are averages of spatial coire- 
lation fields computed with basis points located in the shear layer 
every 90 deg around its circumference. By doing this, the effects that 
can be caused by imperfections in the geometric transformation nec- 
essary to analyze the images as true end views can be limited. The 
correlation contours in Fig. 14 are oriented such that the recircula- 
tionAvake core region is at the bottom of the image frame, and the 
freestream is at the top. As in die axisymmetric blunt-based study," 
the contours exhibit a wedge-like shape, with a slightly longer hor- 
izontal edge on the upper side than on the lower (most obvious at 
position BC). This is caused by axisymmetric confinement effects 
as the shear layer approaches the axis of symmetry. 

The primary statistical results of the spatial correlation analysis 
of the images are presented in Figs. 15 and 16. All of the statis- 
tics presented herein correspond to the 0.5 correlation contours. 
There are some very critical differences between the boattail and 
blunt-base cases in die behavior of the average structures in the free 
shear-layer region near the base. The first of these is fbat the av- 
erage structure at the first imaging location is much more inclined 
downward toward the local streamwise axis for the boattail: 35 vs 
43 deg (Fig. 15c). Past researchers" have postulated that decreased 
structure angle is an indication of lower entrainment and mixing in 
the shear layer, which is consistent with the boattail's higher base 
pressure. The side-view correlation contours and instantaneous im- 
ages of the structures also suggest that very little new generation 
or evolution of turbulent structures occurs in this region. Both the 
struchire size (when normalized by the local shear-layer thickness) 
and angle remain virtually constant through the first two imaging 
positions for the boattail case, Hgs. 15a and 15c. 

The only statistic that does change significantly for the boat- 
tail geometry near the base is the end-view structure eccentricity 
(Fig. 16b). The angle of inclination of the shear layer with re- 
spect to the synunetry axis is lower for the boattail geometry than 



540 BOURDON AND DUITON 

' Boattail Base 
■ - Blunt Base 

nr, ■ ■ 11.1111111 ■ ■ 11111 ■ ■ 111 ■ 111111 ■ 

a) 

0.7 

J as 
OJ 

^ 
■g U.4 
■£ 

§ 0.3 
m a2 

1 0.1 
CO 0 

I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I H 1; 

^LTT-X..-.. 

.^.....;.....,v .t.....|....j. 

^■■■'■■•'•■•'■■■'•■■'■■■■■■•i...i- 

b) 

SO 

40-- 

-a> 30E 
•5 
I ™^- 
|> 10 

nrrrrri.   iiii.i 

:   i 1    i     i     i ...i.....;....j....4-: 
:    ) *y &U4 
r-i--r-t-7' 
|...i—4—-j—-f 

Hyff-f 

0   0.2  0.4 0.6 0.8    1    1.2  lA  1.6 
x/X 

0 
Fig. IS Side-view correlation statistics at imaging locations A-f) and 
for both boattailed and blunt-based afterbody near-wake flowfields. Ver- 
tical bars denote the statistical uncertainty of the respective measure- 
ments. 

the blunt-based geometry as a result of the elongated lecirculation 
region. The elongated recirculation region also indicates that cir- 
cumferential constriction effects are weaker, allowing the turtnilent 
structures to acquire a more rounded, less eccentric shape in the end 
view. 

LDV data'" show that the peak noimal stress anisotropy ratio 
is much higher initially in the blunt-base case than in the boat- 
tail case. As the shear layer develops toward a self-similar state, 
die peak normal stress vdues become approximately equal in the 
two flows. By examining the major axis ratio Oend/oside (Fig. 16c), 
which can be used as a measure of the orientation of die dominant 
turbulence organization, the same trend is visible. Larger axis ratio 
values suggest a dominance in structure organization in the spanwise 
direction," which also suggests the dominance of engulfment pro- 
cesses, liierefore, the boattailed afterixxly inhibits the generation 
of engulfment-type motions in the initial portions of the shear layer. 
Furdier downstream of the base, where entrainment of recirculating 
fluid diminishes,' the major axis ratio for both axisymmetric cases 
and for a planar reattaching flow" all drop below unity, implying a 
dominance of structure organization in the streamwise direction. 

In the i«compression region (position C) the similarity between 
the behavior of the boattail and blunt-base flows is increased. The 
major axis ratio at the measurement location in this region, as well 
as at reattachment, is viituaUy identical for the two axisymmetric 
geometries, indicating siihilar organization of the turbulence field. 
In fact, in the recompression region all diree studies (planar and 
axisynmietric) provide virtually identical results, despite differences 
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Fig. 16 End-view correlation statistics at imaging locations A-E and 
for both boattailed and blunt-based afterbody near-walie flowfields. Ver- 
tical bars denote the statistical uncertainty of the respective measure- 
ments. 

in behavior farther upstream. The similar behavior of all three cases 
in the recompression region suggests that the effects of die adverse 
pressure gradient unify the behavior of the large-scale turbulent 
structures regardless of the geometry. 

As the flow approaches the me^ reattachment point, important 
differences are again seen in the results of the different geometries. 
Streamline convergence and axisymmetric confinement effects dic- 
tate a heightened organization in the end view of the blunt-base and 
boattail geometries (slightiy increasing Oaa/a^te, Fig- 16c). whereas 
in the planar case," which is not subject to such effects, the struc- 
ture organization continues to shift to streamwise (i.e., side-view) 
dominance. Both the blunt-base and boattailed axisymmetric cases 
indicate peaks in the side-view structure size prior to the mean reat- 
tachment point. Fig. ISa. The similarity of the side-view structure 
size measurements at imaging locations C and D (in die recom- 
pression and reattachment regions, respectively) for the boattailed 
afterbody suggests that the peak value may lie somewhere between 
these two points. This correlates well with LDV data in this region,' 
which do not show a dramatic drqp-off in the peak axial Reynolds 
normal stress imtil just before die mean reattachment point. This 
drop-off occurs earlier in the blunt-based axisymmetric case.' The 
mean side-view structure angle, Fig. 15c, is also dramatically lower 
(30%) at reattachment for the boattail case than in bodi the planar 
and axisymmetric blunt-based cases, again implying lower entrain- 
ment of recirculation region fluid and higher b^e pressure for the 
boattail geometry. 
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Because of the relative weakness of the recomprcssion and reat- 
tachment processes, some other noteworthy differences are present 
at the mean reattachment point caused by boattailing. The first of 
these is that the end-view structure size (Fig. 16a) is a maximum at 
the mean reattachment point, while it decreases from upstream val- 
ues for both the planar and axisymmetric blunt-based geometries. 
A second observation is that the side-view structure eccentricity 
(Fig. 15b) is relatively constant throughout the recompression and 
reattachment processes for the boattail case, while peaking in the 
recompression region for the axisymmetric blunt-based case. 

In One developing wake region the lower entrainment levels 
present downstream dictate that the shear layer is much thinner 
and the wake core area is much smaller in the boattail case than in 
the blunt-based case. The lower shear-layer thickness and smaller 
wake core area imply that, because the same number of structures 
is present in this region (Fig. 8) the turbulent structures occupy a 
larger percentage of the shear layer and core regions in the end view 
of the boattail geometry in the near wake. This spatial constraint, in 
turn, causes the structures to "sit up" more in the side view, leading 
to increased structure angle (Fig. 15c). 

Conclusions 
There are several key differences in the behavior of the turbulent 

structures present in blunt-based and boattailed axisynunetric su- 
personic base flows. The most prominent of these are in the initial 
shear layer formed immediately after separation. First, 20% more 
structures are visible in the end view near separation for the boat- 
tail case, and the structures are larger and more inclined downward 
toward the local flow direction in the side view. These factors indi- 
cate lower entraiiunent rates and thus higher base pressure. Second, 
boattailing causes a weakening of the preferential oiganization of the 
lai^e-scale structures toward the end view immediately after sepa- 
ration. This organizational weakening in the end view indicates tiiat 
ejection-type end-view motions are less prevalent, another indica- 
tion of lower entrainment rates and higher base pressure. Third, de- 
spite differences seen upstream, the recompression process displays 
remarkably similar spatial correlation results for the planar, boat- 
tailed, and blunt-based axisymmetric geometriesTThis similarity in 
the recompression region suggests that in the absence of tiie strong 
influences of other extra rates of strain the adverse pressure gradi- 
ent causes similar laige-structure behavior regardless of upstream 
conditions. Fourth, the weakened recompression process in flie boat- 
tail base flowfield leads to a larger streamline radius of curvature 
in the vicinity of the mean reattachment point (position D) and di- 
minished streamline convergence strain-rate effects. The weakened 
recompression effects are evident in the side view as enhanced rms 
shear-layer position (flapping) and structure size in the boattail base 
case over the blunt-base case. In the end view the lowered streamline 
convergence effects lead to a peak structure size at reattachment, po- 
sition D, for the boattail case. Fifth, in the developing wake region 
(positions DE and E), evidence remains of the differences in the 
upstream dynamics of the blunt base and boattail geometries. For 
instance, in the side view, the mean turbulent structures maintain 
a larger angle with respect to the syimnetry axis in the developing 
wake because of spatial limitations placed on the structures by lower 
entraiiunent in the separated flow region (positions A-Q. 
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Introduction 
PREVIOUS studies employing flow visualization techniques and 

pitot pressure measurements'"^ have shown that asymmetries 
in the pressure field of the jets issuing from ideally expanded con- 
verging and ideally or overexpanded conveiging-divei;ging nozzles 
arc caused by stationary strcamwise vortices present in the flowfield. 
The origins of these vortices have been traced to imperfections in 
the nozzle surface. Krothapalli et al.^ assert that imperfections as 
small as ^th of the boundary-layer velocity deficit thickness are 
sufGcient to trigger such behavior. 

Stationary streamwisc vortices such as these were shown to im- 
prove the mixing characteristics of axisymmetric jet flows* by in- 
creasing the stream interface area and overall shear layer thickness. 
Therefore, these researchers found it beneficial to promote stream- 
wise vorticity generation by inserting surface disturbances onto the 
nozzle lip. King et al.* found that the most effective shape for gener- 
ating streamwise vortices in a supersonic jet is an isosceles triangular 
tab, placed flush on the surface, with an apex angle of 25-30 deg. 
TUs smdy also found that increasing the tab thickness increased 
the shear layer thickness, although the benefit was relatively small 
when compared to that of the thinnest significant tab disUubance. 

Extension of such a technique to base flows seems quite natural. 
If the streamwise vorticity generated from the tabs survives the base 
comer expansion fan, which has been shown^ to damp turbulence in 
the developing shear layer, it could significantly influence the tur- 
bulence structural organization in the near-wake region. Influencing 
the turbulent structure organization (and thus mixing between the 
fireestream and core fluid) may substantially alter the base pressure 
and drag characteristics of a bluff object. This is the subject of the 
current Note. 

Flow Facility and Equipment 
The axisymmetric, supersonic flow facility in flie University of 

Illinois Gas Dynamics Laboratory was employed in this study. 
The base model is supported by a 63.S-inm-diam sting, which 
extends through the supersonic converging-diverging nozzle. The 
freestieam flow before separation from the base model is at a Mach 
number of 2.46, with a unit Reynolds number of 52 x lO* m"', 
and typical stagnation conditions of PQ = 368 kPa and To = 300 K. 
The turbulent boundary-layer thickness on the sting/aftobody just 
before separation has been measured to be 3.2 mm (Ref. 5). A 
schematic of the main features of the base region are given in Fig. 1. 

TTie surface disturbances were formed in this smdy by application 
of pieces of adhesive shipping label to the surface of a blunt-based 
afterbody. As stated earlier, disturbances as small as ^th of the ve- 
locity deficit thickness have been found sufficient to produce asym- 
metries in overexpanded and ideally expanded jets.^ In our facility, 
this translates to a disturbance thickness of approximately 0.1 mm 
(Ref. 5), the approximate thickness of the shipping label material. 
The disuirbance thickness was altered by applying multiple layers 
of the labeling material. 

Received 11 March 2001; revision received 16 April 2001; accepted for 
publication 18 April 2001. Copyright © 2001 by C. J. Bourdon and J. C. Dut- 
ton. Published 1^ the American Institute of Aeronautics and Astronautics, 
Inc., with permission. 
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Fig. 2   Effect of delta-shaped tabs on the base pressure of a cylindrical 
afterbody. 

For imaging data acquisition, a planar Rayleigh/Mie scatteiing 
technique was implemented in this smdy. Liquid ethanol is injected 
into carrier air approximately 1.3 mupstreamof the facility plenum 
chamber. The ethanol quickly evaporates as it is canied into the 
plenum. As the ethanol and carrier air are accelerated supersoni- 
cally, the rapid expansion causes the vapor to condense (at condi- 
tions that correspond to a Mach number of approximately unity^) 
into a fine mist. A thin laser sheet, generated by a ND:YAG laser 
illuminates the mist, and a 14-bit, back-illuminate4 unintensified 
Photometries chaige-coupled device camera is used to image the 
illuminated droplets. 

Results and Discussion 
In accordance with previous work,* the tab geometiy has been 

chosen to have an apex angle of 30 deg, a width of 6.2 mm (^ of 
the base radius), and a thickness of 0.1 mm or greater. In prelimMary 
results, tab thicknesses of 0.3 mm or greater were found to produce 
more profound effects on the shear layer, while not creating sig- 
nificant flow blockage, than the 0.1-mm-thick tabs. Therefore, all 
further work reported here is for tab thicknesses of 0.3 and O.S mm. 

Figure 2 presents the eifect that uniformly spaced tabs of 0.3 and 
O.S nun thicknesses have on the afteibody base pressure as a function 
of the number of tabs. The measurement uncertainty is indicated by 
vertical bars and is approximately 5% of the measured value. The 
presence of the tab disturbances does lead to decreased pressure 
on the base (increased entrainment fix>m the separated region), as 
expected. For the O.S-mm-thick tabs, the base pressure is shown 
to decrease steeply with the addition of more tabs. For geometries 
containing more than eight tabs of O.S mm thickness, the effect of 
additional tabs is diminished, and the base pressure asymptotes to a 
value approximately 10% lower than that for no distmfoances. The 
base pressure asymptote approached with increasing tab number 
appears to be similar for the 0.3-mm tabs as for the O.S-mm tabs, 
although the rate of decrease is smaller. 

Based on the base pressure results shown in Fig. 2, a detailed 
imaging analysis of the eight-tab case was conducted. Instantaneous 
and average images were acquired in both the side- and end-view 
orientations (Figs. 3 and 4) for both the 0.3- and O.S-mm-thickness 
cases. The images obtained for the 0.3-mm-thick tab case are quali- 
tatively similar to the O.S-mm tab case, and so they are not presented 
for the sake of brevity. 

Fig. 3   Instantaneous global composite images of near-walce flowfield 
for plane centered on (top) and lietween (liottom) tabs (0.5 mm tfaidc). 

11 

I 
Fig. 4 Instantaneous (left) and average (right) end-view images from 
the free shear layer (B, top), mean reattadunent (D, center), and trailing 
wake (E, liottom) regions (0.5-mm-tliick tabs). 

Side-view global composite images have been acquired both 
along the center axis of tiie tab (Fig. 3, top) and in the plane be- 
tween tabs (Fig. 3, bottom). The most important features visible in 
these composite images are the turbulent structures that exist along 
the inter&ice between the outer freestream and recirculating flows. 
The character of these structures is significantly different than what 
is seen in the no-tab case.^ Hie structures appear to be more evenly 
spaced (or more organized) than for the blunt-base case before the 
mean reattachment point (just to the right of the center of the image). 
The blunt-base study^ demonstrated some evidence of regular tur- 
bulent structure spacing in the side view after the mean reattachment 
point, but not before. Also note that there are both more structures 
visible and that the structures are apparently larger along the tab 
axis (Fig. 3, top) than in the plane between tabs (Fig. 3, bottom). 

The reason for the latter difference seen in the side views is appar- 
ent when examining the mean and instantaneous end-view images 
presented in Fig. 4. Hie large streamwise-oriented structures are 
aligned along the base comers of the delta-tab disturbances. The 
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Fig. 5   Average shear layer thickness of 0 J-mm-thick, eight-tab case. 

mean images (right-hand side of Fig. 4) show that w-shaped dis- 
tuifoances persist behind the tab positions along the interface all of 
the way to teattachment (Fig. 4D). King et al.^ suggest that this 
w-shaped feature is caused by the presence of a counter-rotating 
streamwise vortex pair. If this suggestion is indeed correct, then the 
large-scale turbulence, which is randomly oriented in the absence of 
tabs, has been organized into streamwise vortices due to the presence 
of the tabs in this base flow. 

In the trailing wake (Fig. 4E), the mean images show no lin- 
gering organized disturbances in the flowfield, and the mean shear 
layer appears to be circular and symmetric, as in the no-tab case. 
This suggests that the reattachment process destabilizes the organi- 
zation of the streamwise vortices, because of the influence of extra 
strain rates, such as lateral streamline convergence, concave stream- 
line curvature, adverse pressure gradients, and axisymmetric con- 
finement. Evidence of such phenomena in blunt-based afterbody 
flows,'' obtained via spatial correlation analysis, also suggests that 
this occurs. The current images are among ibe first to demonstrate 
visually that the reattachment process randomizes the large-scale 
turbulent structure organization in compressible base flows. 

Hie average shear layer thickness at five measurement locations, 
measured from the average end-view images (Fig. 4, right), is pre- 
sented in Fig. S. The experimental uncertainty of these measure- 
ments is approximately 5%, as indicated by the vertical bars in the 
figure. These measurements show that, near the base, the shear layer 
growth rate is significantly larger for the eight-tab case than the no- 
tab case. This indicates that entraiimient and mixing near the base 
are enhanced by the streamwise vorticity generated by the delta- 
shaped disturbances. Tliis is, of course, consistent with the lower 
base pressures measured for the tabbed cases compared to the no-tab 
case (Fig. 2). 

The last feature of interest in Fig. S is the large decrease in shear 
layer thickness for the eight-tab case at the mean reattachment point, 
x/Xr = 1.0. As indicated in the average images (Fig. 4, right), the 
organization of the streamwise vortices appears to diminish signifi- 
cantly at reattachment and disappears completely in the near wake. 
The recompression and reattachment processes thus significantly 
weaken the organized structures present within this flow, being pre- 
dominantly associated with the streamwise vortices formed fh>m 
the delta-shaped tabs. 

' Conclusions 
This work demonstrates the effects that adding streamwise vortic- 

ity to the boundary layer of an axisymmetric afterbody, through the 
use of delta-shaped tabs mounted on the afterbody, has on the devel- 
opment of the near-wake region. The streamwise vorticity generated 
by the tabs persists through the base comer expansion and into the 
near wake, increasing mixing and base drag. The reattachment pro- 
cess destabilizes the streamwise structures, and there is no trace of 
these structures in the average end-view images of the developing 
wake beyond reattachment. 
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Abstract 

The flow characteristics of a three-dimensional, compressible, turbulent boundary layer 

have been investigated experimentally. The three-dimensionality was generated by inclining a 

cylindrical afterbody at 10° angle-of-attack to a Mach 2.45 freestream. The objective of the 

study was to determine the mechanisms that govern the growth and behavior of pressure-driven, 

three-dimensional, compressible, turbulent boundary layers. Laser Doppler velocimetry was 

used to determine mean velocity components and turbulence statistics. The results show a 

significantly thicker boundary layer on the leeward side of the body than in the windward region. 

This circumferential variation in boundary layer thickness is caused by the pressure-driven 

circumferential flow, which provides a mass surplus in the low-pressure, leeward region and a 

mass deficit in the high-pressure, windward portion of the boundary layer. In addition, the 

pressure discontinuity at the angular junction and the axial pressure gradient also play a role in 

the boundary layer growth. Turbulent normal and shear stresses peak very near the wall, with an 

initial streamwise peak forming at the interaction of the oblique shock/expansion fan with the 

boundary layer. The highly turbulent fluid on the windward side of the body is transported 

towards the leeward region by the circumferential flow in the boundary layer. 
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Nomenclature 

Cf skin-friction coefficient 

H compressible shape factor, 6*/9 

P static pressure 

r radial coordinate 

r* radial coordinate of approach flow 

R afterbody base radius = 31.75 mm 

Ux friction velocity 

y mean velocity 

v' fluctuating velocity 

X axial coordinate 

X* axial coordinate of approach flow 

a angle-of-attack 

5 boundary-layer thickness 

6* boundary-layer displacement thickness 

6 boundary-layer momentum thickness 

n boundary-layer wake strength parameter 

(j) circumferential coordinate 

p fluid density 

Subscripts 

i incompressible result 



r radial component 

X axial component 

X* approach axial component 

oo freestream value 

Introduction 

The inclination of rockets, missiles, and other axisymmetric aerodynamic bodies to non- 

zero angle-of-attack causes an asymmetrical pressure field about the body, providing a three- 

dimensional driving force that creates a finite circumferential velocity in the boundary layer. If 

the aerodynamic body is flying at supersonic velocities while inclined at angle-of-attack, the 

three-dimensional pressure gradient about the boundary layer is further complicated by the 

presence of a pressure discontinuity (i.e. oblique shock or expansion fan) of circumferentially 

varying strength at the onset of the three-dimensional interaction. The behavior of a three- 

dimensional boundary layer of this type affects design parameters such as skin friction drag on 

the body and also plays a critical role in flow structural features such as lee-side separation 

vortices. In turn, these features interact with the separated flow region in the near wake, thereby 

affecting the base drag and wake structure. Thus, understanding the behavior of these three- 

dimensional boundary layers is important in improving the design and control of cylindrical 

supersonic bodies inclined at angle-of-attack. 

The general flow structure about a cylindrical slender body at angle-of-attack is well 

understood.  Oblique shocks and expansion waves existent at the projectile forebody provide a 



pressure and velocity discontinuity at the onset of the three-dimensional interaction. Flow is 

driven from windward to leeward along the body, and may result in the formation of lee-side 

vortices (symmetric or asymmetric) depending on the combination of angle-of-attack, body 

length, and freestream velocity. However, the detailed characteristics and behavior of the 

pressure-driven, three-dimensional boundary layer at the surface of the body are not well 

understood. 

Significant effort has been expended in the measurement of velocities in three- 

dimensional incompressible boundary layers. Experimental studies of three-dimensional 

boundary layers have been conducted for low speeds in a variety of geometries with the three- 

dimensionality created by both pressure gradients and surface shear stresses. In one particularly 

relevant study, Chesnakas and Simpson measured all three velocity components and the 

complete turbulent stress tensor in the boundary layer near the separation point on the leeward 

surface of a prolate spheroid. This geometry closely resembles the flow over the forebody of an 

axisymmetric projectile in subsonic flight. 

The available experimental velocity data for three-dimensional boundary layers with 

supersonic freestream velocities are quite limited. Several researchers have studied the three- 

dimensional boundary layers generated downstream of oblique shocks created at both inclined 

and swept fins on flat surfaces. " Another experiment used a fin designed with increasing 

curvature to study the effects of gradual increases in three-dimensionality on both the mean 

velocity and turbulence behavior of a boundary layer in supersonic flow. " In particular, this 

study showed that in-plane streamline curvature tends to stabilize turbulence intensities. 



Although these studies provide valuable insight into the development of three-dimensional 

pressure-driven boundary layers, each involves boundary layer growth over a flat surface which 

does not entail the surface curvature effects of a body of revolution at angle-of-attack. To 

account for these surface curvature effects, researchers have measured velocities in three- 

dimensional boundary layers generated from two-dimensional, axisymmetric boundary layers by 

adding an offset flare junction to the flow along a cylinder. In addition, velocity measurements 

have been made in the boundary layer around cones inclined at angle-of-attack to generate three- 

dimensionality.^'"''* Although these studies do not precisely match the geometry of the 

cylindrical main body of an aerodynamic projectile, they do provide a similar circumferential 

pressure gradient to that imposed on an axisymmetric body in non-zero angle-of-attack 

supersonic flight. 

In the current investigation, experiments were conducted to measure the velocity field in 

the three-dimensional boundary layer about a cylindrical afterbody aligned at angle-of-attack in a 

supersonic freestream. Laser Doppler velocimetry (LDV) measurements were made at numerous 

spatial locations about the afterbody to provide the mean velocity field and turbulence statistics 

in the boundary layer along three meridional planes. The measurements were located in both the 

windward and leeward planes, and also in a side plane at the circumferential midpoint between 

the windward and leeward regions. The velocity data are compared to previously obtained 

surface streakline patterns and surface pressure data in the same flow' to determine the effect of 

three-dimensionality on the boundary layer development. These measurements help to improve 

understanding of three-dimensional, compressible, turbulent boundary layer development under 

pressure-driven conditions, and provide an experimental database for the validation and 



improvement of numerical models of three-dimensional, compressible boundary layers. In 

addition, the data provide an initial condition for use in the numerical modeling of supersonic 

base flows at angle-of-attack. 

Experimental Facilities and Procedures 

A blowdown-type wind tunnel designed specifically for the study of axisymmetric base 

flows was used to complete these experiments. The facility has previously been used to make 

velocity measurements in the base region of supersonic axisynrmietric base flows with and 

without base bleed.*^'^' In this facility, dried and compressed air passes from a stagnation 

chamber, through a flow conditioning section, and into an annular converging-diverging (c-d) 

nozzle. For the current experimental conditions, with a stagnation pressure of 565 kPa and 

stagnation temperature of 300 K, the c-d nozzle provides an axisymmetric flow with a nominal 

freestream Mach number of 2.5 as the flow passes into the test section. The air flow exits the 

facility through a diffiiser and silencing duct. Windows in the test section provide optical access 

to the afterbody surface from three sides to allow for nonintrusive laser-diagnostic 

measurements. 

The experimental afterbody is supported by an annular sting running along the tunnel 

centeriine, which is supported far upstream of the c-d nozzle to prevent support interference 

effects from entering the measurement region. A schematic of the experimental afterbody and 

the flowfield studied here is included in Figure 1. The cylindrical afterbody has a length-to- 

radius ratio of 3.0 and is inclined at a 10° angle-of-attack relative to the freestream flow. Figure 



2 depicts a previously reported oil-streak visualization of the surface flow generated on this 

afterbody. ^^ Clearly, the 10° angle-of-attack provides sufficient three-dimensionality to transport 

fluid from the windward to leeward portions of the afterbody. A cylindrical coordinate system 

(see Figure 1) is used throughout this study aligned along the axis of the afterbody with positive 

axial (x) values oriented in the downstream direction. Radial distance (r) is measured from the 

axis, and circumferential angle (<|)) is measured from 0° on the windward surface to 180° on the 

leeward surface of the afterbody in a clockwise direction as observed from upstream. For 

measurement of the approach boundary layers, the coordinate system is rotated so that the radial 

coordinate (r*) is measured from the sting centerline and normal to the freestream approach 

direction. Axial distance (x*) is measured parallel to the freestream approach direction and 

circumferential angle is measured as previously discussed. 

A two-component dual-beam LDV system was used in these experiments with a 7-watt 

argon-ion laser generating green (514.5 nm) and blue (488 nm) beams. The probe volume 

formed by this four-beam crossing is 165 jjnti in diameter. The fringe spacing of each beam pair 

is 14.5 and 13.6 pm for the green and blue beams, respectively. The beam pairs are rotated to 

approximately ±45° from the incoming freestream direction to reduce fringe blindness. Bragg 

cells provide a 40 MHz frequency shift to reduce fringe biasing and discriminate reverse 

velocities. The intensity of light scattered from seed particles was collected at a 20° off-axis 

forward-scatter location and is converted to an analog voltage signal by two photomultiplier 

tubes. The off-axis collection location and pinhole aperture in the receiving optics provide an 

effective probe volume length of 730 \im. A TSIIFA-750 autocorrelation processor was used to 

convert the photomultiplier tube voltage signal into the corresponding velocity.   Data were 



collected using an Intel Celeron-based PC for processing and analysis. Control of the LDV 

probe volume location was maintained through use of a three-axis, computer-controlled traverse 

system with a spatial resolution of ±1.5 \im in all directions. 

Seeding for the LDV measurements was provided by a six-jet atomizer that supplied 

silicone oil droplets to the flow through three tubes located downstream of the flow conditioning 

section and separated by 120° circumferentially. The seeding system produces droplets with a 

mean diameter of approximately 0.8 |im, which Bloomberg*^ has shown to be sufficiently small 

that any false turbulence created in the flow due to the polydispersion of the silicone droplet size 

is small compared to the overall turbulence level. In addition, Bloomberg'* estimated a 2 mm 

particle lag region for identical silicone droplets passing through a 15° compression comer in a 

Mach 2.6 flow. As the freestream Mach number is lower and the turning angle less severe in the 

current results than in the study of Bloomberg, particle lag effects should be confined to within 

2 nrni of the discontinuity in the current investigation. 

A series of radial profiles was measured using the LDV system, u ith the measurements 

concentrated in the boundary layer of the approach flow, and in the windward (^ = 0°), leeward 

((|) = 180°), and side ((j) = 90°) planes of the afterbody boundary layer, as seen in Figure 3. Nine 

radial traverses were completed in the approach boundary layer, while ten, ten, and eleven 

profiles were measured in the windward, side, and leeward planes, respectively. Forty to sixty- 

six spatial locations were included in each radial traverse, with 4000 individual velocity 

realizations stored at most spatial locations for the computation of mean velocity and turbulence 

statistics. The effects of velocity bias on the LDV data were corrected using an interarrival time 



weighting scheme, which has been shown to be effective as a debiasing tool in compressible 

shear flows of this type. With this two-component LDV arrangement, both the streamwise and 

radial components of the mean velocity were measured simultaneously, but no measurements of 
i 

the circumferential velocity component (which should have a zero mean value for the <t) = 0° and 

(]) = 180° data planes) were obtained. In addition, botii streamwise and radial Reynolds normal 

stresses, <v'x^> and <v'r^>, and the axial-radial Reynolds shear stress, -<v'xv'r>, have been 

measured directly. The worst-case uncertainty in mean velocity and rms velocity fluctuations is 

estimated to be 1.2% and 2.3% of the mean freestream velocity, ¥„ = 573 m/s, respectively.^^ 

Results and Discussion 

Approach Boundary Laver Velocity Measurements 

Upstream of the angular discontinuity, nine individual boundary layer velocity profiles 

were measured, with three profiles each measured in the (|) = 0°, 90°, and 180° circumferential 

planes at different axial locations. The approach mean velocity profiles depicted in Figure 4 are 

representative of the incoming velocity field at each angular position. Each velocity profile 

reveals a fully developed, compressible, turbulent boundary layer with no apparent interference 

waves impinging on it. The profiles for the various ^ positions collapse reasonably well, 

suggesting that the sting is well centered on the tunnel axis. These experimental data were 

curve-fit to the theoretical profile of Sun and Childs,^' which was developed for turbulent, 

compressible boundary layers. Boundary layer parameters and integral thicknesses were then 

determined based on the theoretical curve fit to the experimental data. The average of these non- 

dimensional values for the three angular stations measured at x*/R = -0.031 is included in Figure 



4. These non-dimensional values are consistent with those previously measured for 

axisymmetric approach boundary layers in the same facility/^'^^ The measured freestream 

velocity of 573 m/s corresponds to a Mach number of 2.45, and the resulting unit Reynolds 

number was calculated as 56 x 10^ m'\ Directly measured streamwise turbulence intensities 

throughout the approach freestream were consistently less than 2%. The turbulence intensities 

peak at approximately 8% in the inner portion of the boundary layer. 

Mean Velocity and Boundarv Layer Thickness Measurements 

Contours of dimensionless velocity magnitude, (Vx^ + Wt^i^^fVoo in the <j) = 0°, 90°, and 

180° planes are included in Figures 5a-c respectively. Note that in each case, the radial 

coordinate has been stretched with respect to the axial coordinate to better observe the boundary 

layer interaction. In addition, for each contour plot, the body surface is located at the bottom 

edge of the plot at r/R = 1; see Figure 3 for orientation. To present these contour plots, the LDV 

data were passed twice through a five-point smoothing filter with a smoothing coefficient of 0.5. 

In addition to the dimensionless velocity magnitude contours, Figure 5 depicts the two- 

dimensional flow streamlines in each plane that were generated by integrating the mean (Vx, V,) 

velocity data. 

The velocity magnitude results in the windward region (Figure 5a) depict the flow 

deceleration behind the compression shock created at the angular discontinuity, x/R = 0. Note 

that the slight apparent waviness in the shock is caused by interpolation between the discretely 

spaced velocity data. The dashed line in this figure represents the location of a compression 

shock created at a 10° planar compression comer based on compressible flow theory.   The 
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streamlines begin to turn at a location very close to that of the theoretical planar compression 

wave. The gradual turning of the flow streamlines across the compression wave results at least 

partially from particle lag, where a relaxation distance of less than 2 mm is expected for the 

given freestream flow velocity and compression angle. Behind the shock, the streamlines do not 

completely turn 10° to match the surface orientation, but instead continue to approach the 

surface. The streamline convergence at the windward surface results from the windward-to- 

leeward circumferential flow, which creates an efflux of mass from the windward portion of 

the boundary layer. This circumferential mass efflux also appears to result in a slight thinning of 

the boundary layer with increased axial position along the afterbody. 

The velocity magnitude data on the side plane (Figure 5b) show a slight flow deceleration 

behind a weak oblique shock that occurs at the cylinder/afterbody junction. This agrees with the 

previously obtained surface pressure data, which show a weak compression occurring at the 

angular discontinuity (x/R = 0) in the (|) = 90° plane. Note that the velocity magnitude change in 

this region is very small (approximately 2.7%), and the streamlines remain almost straight in the 

region of the weak compression, suggesting that the wave behaves almost as a Mach wave. In 

fact, the location of the flow deceleration portrayed by the velocity data closely matches the 

location of a Mach wave in Mach 2.45 flow (the Mach angle is 23.4°), as represented by the 

dashed line in Figure 5b. The boundary layer appears to remain fairly constant in thickness 

throughout the measurement region on the side plane, except in the most downstream region (see 

discussion below). It must be noted that the velocity magnitude results in the side plane (shown 

in Figure 5b) do not include the circumferential velocity component, which is clearly non-zero in 

this measurement region.    However, directly downstream of the angular discontinuity, the 
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circumferential velocity component should be very small (as the disturbance to the flow is 

minimized in this plane), and thus should not significantly affect the velocity magnitude gradient 

at the angular junction. Further downstream, however, the effect of the circumferential velocity 

on the transport of fluid about the cylinder may affect the growth and development of the 

boundary layer in this plane. 

The velocity magnitude results in the leeward region (Figure 5c) reveal a flow 

acceleration created by an expansion fan centered at the angular discontinuity, x/R = 0. The 

dashed lines in this figure represent the extent of a Prandtl-Meyer expansion fan centered at a 

10° planar expansion turn based on isentropic compressible flow theory. The streamlines begin 

to turn at a location approximately corresponding to the location of the theoretical planar 

expansion fan, although it appears that the flow rotation may begin slightly upstream of that 

predicted by two-dimensional theory. Downstream of the expansion fan, the streamlines appear 

to approach straight-line shapes, but then begin to curve away from the leeward surface (i.e., 

there is an inflection in the streamlines downstream of the expansion) in the downstream region 

of the measurement domain. This curvature is most likely caused by the previously observed 

windward-to-leeward circumferential flow about the afterbody, ^^ which creates an influx of mass 

to the leeward portion of the boundary layer. This mass entrainment in the leeward portion of 

the boundary layer would also account, at least partially, for the apparent growth of the boundary 

layer with axial distance. 

Additional insight into the initial spatial development of the boundary layer near the 

velocity  discontinuity  may  be  gained  by  investigating  individual  velocity  profiles just 
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downstream of the angular junction. The spatial evolution of axial velocity in the windward 

plane is shown in Figure 6. Note that although a velocity profile was measured at x/R = 0.078, 

the presence of the oblique shock within the boundary layer at this location resulted in particle 

lag effects in the boundary layer, thus preventing the identification of the behavior with 

confidence. As a result, boundary layer profiles are not presented directly downstream of the 

angular discontinuity at locations where the shock is within the boundary layer. The location of 

the compression shock is clearly evident outside the boundary layer in all profiles for 

x/R > 0.393, as seen in Figure 6. The compression across the oblique shock appears to slightly 

increase the mean axial velocity in the boundary layer very near the wall (r/R < 1.02), while the 

velocity decreases slightly from the approach velocity profile near the edge of the boundary layer 

(r/R =1.06). The downstream velocity profiles appear to maintain a similar shape with 

increasing x, suggesting a recovery towards an equilibrium state downstream of the shock, as 

23 observed in the data of Kuntz et al. for a planar 12° compression comer in Mach 2.94 flow. 

However, for the equilibrium condition reached in the two-dimensional data."^ the axial velocity 

downstream of the shock remains significantly lower than the approach velocity at all radial 

locations. 

The corresponding axial velocity development near the angular discontinuity in the 

leeward plane is included in Figure 7. The presence of the expansion fan is clearly evident in the 

downstream profiles as a widening region of acceleration beyond the freestream approach 

velocity. Close to the wall, the expansion fan appears to accelerate the fluid velocity compared 

to the approach flow at the first few axial locations, although the velocity profile begins to 

recover towards the approach conditions with increasing x. This recovery towards the approach 
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velocity conditions in the inner portion of the boundary layer occurs over a much longer axial 

distance than observed in the windward plane boundary layer, suggesting that flow three- 

dimensionality delays the return to equilibrium conditions in the inner portion of the boundary 

layer in the leeward plane. 

The axial variation in boundary layer thickness was quantified by integrating the mean 

velocity profiles to calculate the incompressible boundary layer displacement thickness, 

5:=|i-^ dr (1) 
V R V       X,- y 

Note that compressible displacement thickness is not presented here, because there is a 

possibility of radial pressure variations across this three-dimensional boundary layer, thus 

preventing the estimation of density variations with confidence. In addition, the freestream 

velocity at the edge of the boundary layer, Vx,oo, varies axially in all three planes due to three- 

dimensional effects outside the boundary layer. Due to the direct interaction of the oblique 

shock/expansion fan and boundary layer (see Figures 6 and 7), the value of Vx,oo could not be 

determined with certainty just downstream of the angular discontinuity. As a result, the 

displacement thickness has not been presented for the first few axial stations downstream of the 

angular discontinuity. The displacement thickness along the (() = 0°, 90°, and 180° planes is 

plotted in Figure 8b, together with previously measured surface pressure data (Figure 8a) along 

these same planes. 
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In the windward region, the boundary layer is compressed to a displacement thickness 

0.44 times the approach thickness. The majority of this 5i* change appears to occur near the 

angular junction, where the pressure increase across the compression shock forces a reduction in 

boundary layer thickness. After this initial compression, two additional factors prevent the 

growth of the boundary layer during its axial development in the windward plane. First, a 

favorable pressure gradient occurs on the windward surface for x/R > 0.5, retarding an increase 

in 5i*. In addition, the windward-to-leeward circumferential flow about the afterbody (as seen in 

Figure 2) provides a mass efflux from the windward region that also prevents boundary layer 

growth. 

In the side region, (t) = 90°, the displacement thickness initially remains relatively 

constant throughout its streamwise development before growing to 1.96 times larger than the 

approach value toward the end of the measurement domain. Initially, the circumferential mass 

flux effects in this region should generally be small as windward fluid merely "passes through" 

the side plane in its passage toward the leeward region for most of the afterbody length. Thus, 

the first neutral, then favorable pressure gradient is the main factor contributing to boundary 

layer development in the side plane. The displacement thickness growth near the end of the 

afterbody in the side plane may result from the mass surplus that accumulates in the leeward 

region near the base edge. Due to this excess mass in the leeward region, additional mass that 

previously passed circumferentially through the boundary layer into the leeward region is 

prevented from reaching the leeward plane, and begins to accumulate in the side region, thus 

resulting in an increase in displacement thickness near the base edge. 
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In the leeward region, 5i* grows in thickness to approximately 2.86 times larger than the 

approach displacement thickness. The increase in displacement thickness occurs as a result of 

the same three factors that facilitate boundary layer thinning in the windward plane. First, the 

global decrease in surface pressure across the expansion fan provides a low-pressure region for 

boundary layer growth. In addition, an adverse pressure gradient develops on the downstream 

half of the afterbody (see Figure 8a), enhancing boundary layer growth. Finally, the windward- 

to-leeward surface flow results in a mass surplus in the leeward plane, further facilitating 

boundary growth in the leeward region. 

The boundary layer velocity profiles were also integrated to compute the incompressible 

momentum thickness, Qi, 

e. = J- V, 
V 

1-i- 
V     , 

dr (2) 

The axial variations in momentum thickness along the (j) = 0°, 90°, and 180° planes are plotted in 

Figure 8c. The axial variations in momentum thickness closely follow the qualitative trends 

noted previously for the displacement thickness. The changes in momentum thickness are also 

driven by similar mechanisms that control the variations in displacement thickness. Momentum 

efflux from the windward region and a favorable pressure gradient downstream of the 

compression shock result in a decrease of the momentum thickness in the windward plane. 

Similarly, the windward-to-leeward momentum flux created by the circumferential flow in the 

boundary layer, as well as an adverse pressure gradient, result in an axial increase in the leeward- 
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plane momentum thickness.   The momentum thickness on the {|) = 90° side plane remains 

relatively constant except in the most downstream region where it increases modestly. 

Turbulence Measurements 

Plots of the axial normal stress, nondimensionalized by the square of the freestream 

approach velocity, <v x >A^oo, in the boundary layer for all three measurement planes are 

included in Figure 9. For each plot (and subsequent contour plots of other turbulent stresses), the 

location of highest measured stress is denoted with a star. In each of the measurement planes 

shown in Figure 9, the axial stress in the boundary layer increases while approaching the 

afterbody surface. Note that the axial Reynolds stress is of generally comparable magnitude in 

all three measurement planes. Stress levels peak very near the wall, but the axial location of the 

maximum measured stress varies between the three measurement planes. The highest measured 

axial stress in the windward plane (Figure 9a) is observed at x/R = 0.4, where 

<v'/>fVj^ = 0.00521. In the side plane (Figure 9b), the location of maximum measured axial 

stress (<\'x^>/VJ = 0.00666) is observed slightly further upstream, at x/R ~ 0.35, than in the 

windward plane. In the leeward plane (Figure 9c), a small initial axial normal stress peak 

(<v'x^>A^oo^ = 0.00282) is found at x/R « 0.1, where the expansion fan interacts directly with the 

boundary layer. This initial peak is followed first by a slight decrease in normal stress, then an 

increase in stress to the maximum measured value of <v'^>rwj' - 0.00545 near the surface at 

x/R = 0.95. Note that in all three planes, the maximum axial stress is measured very near the 

inner limit of measurements completed in this investigation. Higher stress values may occur 

closer to the wall, where the presence of the surface clips the LDV beams, preventing velocity 

measurements. 
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As discussed above, the location of the maximum measured axial normal stress varies 

axially between the three circumferential planes. The location of this maximum measured stress 

region occurs slightly downstream of the shock in the windward region, then appears to move 

further downstream as it passes into the leeward plane. This could be a result of the 

circumferential boundary layer flow, which advects the high axial stress fluid behind the oblique 

shock from the windward region into the side and leeward planes. This can be seen most clearly 

in the leeward plane, where the increase in axial stress from the expansion fan is initially 

dissipated, but the axial stress then increases from the influx of high axial stress fluid from the 

windward region. Note that there is also an apparent increase of axial stress observed in the 

windward plane in the region of the oblique shock outside the boundary layer. This apparent 

stress increase is most likely a "false turbulence" caused by slight unsteadiness of the shock 

position. This non-physical turbulence near the oblique shock may also be caused by the 

variation of silicone oil droplet sizes used to seed the flow. Because larger droplets decelerate at 

a slower rate than smaller droplets, this differing deceleration rate between individual seed 

droplets can create non-physical variations in the measurement of instantaneous fluid velocity. 

These axial normal stresses measured about the cylindrical body are similar qualitatively 

to the axial velocity fluctuations measured by Ausherman and Yanta on cones at angle-of- 

attack. Both sets of data show axial velocity fluctuations peaking near the wall, with the peaks 

of similar magnitude in all circumferential planes. The conical data provide no evidence of 

circumferential variation of the axial location of the peak axial normal stress, however. Instead, 

the peak axial velocity fluctuations remained of relatively constant magnitude throughout their 

axial development along the cone. 
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The amplification of axial normal stress across the angular discontinuity is most evident 

through observation of individual normal stress profiles as shown in Figures 10 and 11 for the 

windward and leeward planes, respectively. In the windward plane, the axial normal stress in the 

boundary layer decreases slightly across the oblique shock, then increases to a post-shock peak 

level near x/R = 0.4. Note, however, that this peak level downstream of the shock is of 

approximately equal magnitude to the peak axial normal stress measured upstream of the shock. 

This result is in contrast to the data of Kuntz et al.,^'' who found a significant increase in 

streamwise turbulence fluctuations across a two-dimensional compression comer. In addition, 

Kuntz et al. noted the location of the peak fluctuations in the boundary layer moving away from 

the wall to near the center of the boundary layer with increasing x. The current data suggest that 

the peak axial stress remains very close to the wall, at a distance nearing the inner spatial limit 

where the data could be obtained. 

In the leeward plane. Figure 11, the axial normal stress first decreases near the wall 

compared to the approach axial normal stress magnitude, then begins to recover towards the 

approach profile. The presence of the expansion fan near the leeward surface appears to initially 

stabilize the axial velocity fluctuations in the boundary layer. This decrease in axial stress across 

the expansion from the approach levels agrees with the results of Amette et al. for a 7° planar 

centered expansion. However, the results of Amette et al. do not suggest a recovery of the axial 

stress magnitude towards the approach levels, but instead the stress profiles approach a similar 

shape, with magnitude lower than the approach axial normal stress. The increase in axial stress 

magnitude downstream in the current data is most likely caused by the growth of the boundary 
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layer, which provides lower speed fluid with higher axial velocity fluctuations at the same 

distance from the wall for increasing x. 

Contour plots of the nondimensional radial normal stress, <v'^>No}, through the 

boundary layer in all three planes, are included in Figure 12. Note that although the stresses 

increase in the inner portion of the boundary layer, the measured maximum radial stress 

magnitude varies fairly substantially from plane to plane, in contrast to the behavior of the axial 

stress. This can be most easily observed by noting the contour levels on each plot. The radial 

stress magnitude on the windward side of the afterbody is approximately twice as large as that 

observed in the lee-side boundary layer. This increase in radial stress magnitude is most likely 

due to a radial stress amplification mechanism that occurs in the shock/boundary layer 

interaction at the compression turn. This radial stress amplification does not appear to occur as 

strongly as a result of the expansion turn on the leeward plane. 

The radial stress once again tends to peak in the inner region of the boundary layer, but 

the axial location of the radial stress peak varies much more than that observed in the axial stress 

contours. The highest measured radial stress in the windward plane is observed just downstream 

of the oblique shock, at x/R = 0.4, where <v'r^>A^oo^ = 0.00561. This windward radial stress 

maximum is much larger than that measured in the other planes, and is of approximately equal 

magnitude to the highest measured axial normal stress in this plane. In the side plane, the 

location of the maximum measured radial normal stress {<V'^>NJ = 0.00313) is observed at the 

location of the angular discontinuity (x/R ~ 0.05), and a smaller magnitude secondary stress peak 

is observed further downstream, at x/R ~ 12.   The radial stress in the leeward portion of the 
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boundary layer initially peaks (<v'r^>A^oo^ = 0.00182) just downstream of the angular 

discontinuity (x/R = 0.1) due to the interaction of the expansion fan with the boundary layer. 

This initial radial stress peak dissipates axially, but then increases to the maximum measured 

value of <\'^>fWj = 0.00226 at x/R « 2.4. This region of high radial stress is elliptical in shape, 

and is much larger in size than that observed in the axial stress contours. In addition, this region 

of high radial stress in the leeward region is much further downstream than that observed for the 

axial stress. The presence of this radial stress peak near the base edge may suggest incipient 

separation in this downstream region. This maximum measured radial stress is less than half as 

large in magnitude as that measured for the axial stress in the leeward plane. There is no clear 

evidence of transport of high radial stress fluid from the windward plane, through the side plane, 

and into the leeward region by means of the circumferential boundary layer flow, as was 

observed in the axial stress results. Once again, there is also a slight increase of radial stress 

observed in the windward plane outside the boundary layer in the region of the oblique shock, 

similar to that observed in the axial stress contours, as a result of shock unsteadiness and/or the 

polydispersed size distribution of the seed particles. 

These radial normal stress results differ significantly from the radial velocity fluctuation 

data previously published for supersonic cones at angle-of-attack. In the conical data, radial 

velocity fluctuations remained fairly constant across the boundary layer, unlike the distinct peak 

noted in the current cylindrical data in the inner portion of the boundary layer, especially in the 

high magnitude windward plane. The lack of a peak in the cone data may occur because 

measurements were only reported in the outer 80% of die boundary layer, allowing for a peak to 

potentially occur in the inner 20% where no measurements were obtained. In addition, the radial 
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fluctuation magnitude in the conical data does not vary with circumferential location, unlike the 

current data for which a significantly higher radial normal stress is observed in the windward 

plane. This difference in radial stress amplification in the windward plane most likely results 

because the boundary layer on the cone initiates at its tip, just downstream of the leading oblique 

shock. Because the boundary layer has no significant thickness at the cone tip, there is no 

boundary layer present for which the shock may amplify the radial velocity fluctuations. 

Radial normal stress profiles are shown in Figure 13 for the windward plane just 

downstream of the compression shock. Near the wall, the radial stress peak appears to decrease 

slightly across the oblique shock before decreasing further in magnitude with increasing x. In 

addition, the radial region of high radial stress in each profile appears to broaden slightly with 

increasing x just downstream of the shock. Unlike this slight decrease in radial normal stress 

across the oblique shock, Kuntz et al. ^ noted an increase in wall-normal stress across a planar 

compression shock, to levels approximately double the approach radial normal stress. In 

addition, Kuntz et al. noted a fairly flat radial stress profile with no significant radial variations. 

In contrast, the highest radial normal stress appears near the wall in the current data, with the 

high stress region broadening with increasing x. 

In the leeward plane, Figure 14, the radial normal stress is clearly strongly damped across 

the expansion fan, and decreases further in magnitude with increasing x. This decrease in radial 

stress agrees with the findings of Amette et al. for a planar expansion. The profiles of radial 

stress for the current case are also significantly broader and flatter than the profiles in the 
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windward region. In addition to viscous diffusion of high-stress fluid from the windward region, 

this broadening is most likely due to the increasing thickness of the leeward boundary layer with 

increasing x, which provides lower speed and higher radial stress fluid further from the wall. 

Contour plots of the dimensionless axial-radial Reynolds shear stress, -<v'xv\>/yJ, are 

included in Figure 15. The Reynolds shear stress follows the same general trends observed in 

the normal stresses, with the stress generally increasing towards the surface across the boundary 

layer. The shear stress is of approximately equal magnitude in each measurement plane. The 

highest measured Reynolds shear stress in the windward plane is observed at the interaction of 

the oblique shock with the boundary layer at x/R « 0.05, where -<\'xv\>fVj = 0.00186. In the 

side plane, the location of maximum measured Reynolds shear stress (-<v',v'r>A^oo^ ;= 0.00132) 

is observed just downstream of the angular discontinuity (x/R = 0.05), with a secondary stress 

peak observed further downstream at x/R = 2.5, where -<\\\'i>/Wj = 0 00119. In the leeward 

portion of the boundary layer, the shear stress reaches a measured maximum of 

-<v'xv'r>/Voo^ = 0.00168 near the base edge, at x/R ~ 2.5. Overall, the shapes of these Reynolds 

shear stress contours and the location of the shear stress peaks more closely match the radial 

normal stress results than the axial normal stress results. However, the approximately equal 

magnitude of shear stress in each measurement plane agrees with the observation of nearly equal 

axial normal stress magnitudes in each measurement plane. The conical data of Ausherman and 

Yanta*"* display similar trends between the axial velocity fluctuations and the axial-radial shear 

stress. However, as was seen with the axial fluctuations, little axial variation in the axial-radial 

shear stress magnitude was observed in the conical data. 
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Axial-radial Reynolds shear stress profiles just downstream of the angular discontinuity 

are shown in Figures 16 and 17 for the windward and leeward planes, respectively. In the 

windward plane, the compression shock is seen to initially reduce the peak shear stress 

magnitude and broaden the region of peak shear stress. Moving further downstream, the shear 

stress dissipates to levels lower than that just downstream of the shock. The radial region of 

peak stress continues to broaden with increasing axial displacement as well. The initial decrease 

in peak shear stress contrasts with the two-dimensional compression comer result of Kuntz et 

al.^^ The two-dimensional results note a significant increase in shear stress across the 

compression shock, followed by a damping to lower stress during the downstream development 

of the boundary layer. However, even the reduced shear stress magnitudes far downstream from 

the compression shock in the two-dimensional results remain significantly higher than the shear 

stress observed in the approach flow. The decrease in shear stress just downstream of the shock 

observed for the current case may be a result of the circumferential flow along the afterbody, 

which provides an efflux of high stress fluid out of the windward region. 

In the leeward region, Figure 17, the expansion fan appears to significantly reduce the 

peak axial-radial shear stress in the boundary layer from the approach magnitudes. Downstream 

of the expansion fan, the shear stress levels begin to increase in magnitude, but do not reach the 

levels measured in the approach boundary layer. This result agrees favorably with the study of 

Amette et al.^'* for a T two-dimensional centered expansion. Unlike the windward region, the 

peaks in shear stress for the current measurements appear to be confined very near the afterbody 

surface in the leeward plane. 
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Conclusions 

Laser Doppler velocimetry has been used to measure the mean velocity and turbulence 

fields in a three-dimensional, pressure-driven, turbulent, compressible boundary layer. The 

boundary layer was generated by inclining a cylindrical afterbody to 10° angle-of-attack in a 

Mach 2.45 freestream. This study permits determination of the physical behavior of this three- 

dimensional boundary layer and provides understanding of the fluid dynamic processes that 

occur on cylindrical afterbodies when inclined at non-zero angle-of-attack. Based on the 

velocity measurements, the following conclusions may be drawn. 

(1) The angular discontinuity used to create the 10° angle-of-attack results in a complex 

compression wave/expansion fan of circumferentially varying strength. In the windward 

plane, the discontinuity appeared approximately as an obUque shock generated at a 10° 

planar compression comer in Mach 2.45 flow. On the side ((|) = 90°) plane, a small flow 

deceleration occurred at a position approximately equivalent to a Mach wave in M = 2.45 

flow. Previously measured pressure data (see Figure 8a) suggest a weak compression in this 

plane. The small deflection of representative streamlines in this plane confirms that the 

discontinuity on this side plane is a weak compression. In the leeward plane, the 

discontinuity occurred at a position approximately equivalent to a Prandtl-Meyer expansion 

fan for a 10° planar expansion comer in a Mach 2.45 freestream. 
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(2) The boundary layer is seen to compress on the windward side of the body, grow slightly 

along the axial extent of the side plane, and grow rapidly on the leeward side of the body 

throughout its entire axial development. The change in thickness of the three-dimensional 

boundary layer appears to be controlled by three factors. First, the angular junction creates a 

pressure discontinuity of circumferentially varying strength. This pressure change should 

compress the windward portion of the boundary layer and expand the lee-side boundary 

layer. In addition, a circumferential flow in the boundary layer provides a transfer of mass 

and low-momentum fluid into the growing leeward boundary layer from the shrinking 

windward boundary layer. Finally, the axial pressure gradient about the afterbody tends to 

increase the boundary layer thickness in regions of adverse pressure gradients and to retard 

the boundary layer growth in regions of favorable pressure gradients. Thus, the balance 

between these three factors governs the overall increase or decrease in thickness throughout 

the axial development of this three-dimensional, pressure-driven boundary layer. 

(3) The regions of significant Reynolds normal and shear stresses are confined to the boundary 

layer, with peaks in turbulent stresses found near the wall. All turbulent stresses are reduced 

in magnitude in passage across the angular discontinuity. Axial normal stresses tend to be 

greater in magnitude than the radial normal stresses. Peaks in axial normal stress tend to 

occur further upstream on the windward side of the afterbody, suggesting that turbulence 

generated in the oblique shock/boundary layer interaction was advected to the leeward side 

of the afterbody by the circumferential flow in the boundary layer. The magnitude of radial 

normal stress in the windward plane is higher than in either the leeward or side planes, 

suggesting that the interaction between the leading oblique shock and boundary layer 
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amplifies radial velocity fluctuations. Although no flow separation has been observed or 

measured in the leeward region/ the presence of a peak in radial normal stress that forms 

near the base edge in the leeward plane may indicate incipient separation in this plane. 
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Figure 1       Schematic of angle-of-attack afterbody and coordinate systems 
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Figure 2       Oil-streak visualization of (j) = -90° surface (from Ref. 15) 
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Figure 3       LDV measurement locations in afterbody boundary layer 
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Figure Captions 

Figure 1       Schematic of angle-of-attack afterbody and coordinate systems 

Figure 2      Oil-streak visualization of <|) = -90° surface (from Ref. 15) 

Figure 3       LDV measurement locations in afterbody boundary layer 

Figure 4      Average  approach  flow  streamwise  velocity profiles  and  average  approach 
boundary layer statistics 

Figure 5       Vx-Vr velocity magnitude contours and representative streamlines for: (a) (j) = 0°, 
(b)(t) = 90°,and(c)<t)=180° 

Figure 6       Axial velocity development near angular discontinuity in windward plane 

Figure 7       Axial velocity development near angular discontinuity in leeward plane 

Figures       Axial variation of: (a) surface pressure, (b) displacement thickness, and (c) 
momentum thickness in all three planes 

Figure 9       Axial normal stress contours, <v'^>fwj, in boundary layer for:    (a) (Sf = 0°, 
(b)(|) = 90°, aiid(c)(|)=180° 

Figure 10     Axial normal stress radial profiles near angular discontinuity in windward plane 

Figure 11      Axial normal stress radial profiles near angular discontinuity in leeward plane 

Figure 12     Radial normal stress contours, <v'^>rwj, in boundary layer for:    (a) (j) = 0°, 
(b)(t) = 90°, and(c)(t)=180° 

Figure 13     Radial normal stress radial profiles near angular discontinuity in windward plane 

Figure 14     Radial normal stress radial profiles near angular discontinuity in leeward plane 

Figure 15     Axial-radial Reynolds shear stress contours, -<v'xv'r>A^„^, in boundary layer for: 
(a) <t) = 0°, (b) (|) = 90°, and (c) (j) = 180° 

Figure 16     Axial-radial Reynolds shear stress radial profiles near angular discontinuity in 
windward plane 

Figure 17     Axial-radial Reynolds shear stress radial profiles near angular discontinuity in 
leeward plane 
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Abstract 

High-vector-density planar velocity fields were obtained for a weakly compressible 

mixing layer using particle image velocimetry (PIV). The velocity ratio of the mixing layer was 

0.53, the density ratio was 0.67, and the convective Mach number was 0.38. At the location 

where the PIV images were obtained, Re. = 3.7 x 10^ and Res = 1.8 x 10^. The instantaneous 

planar velocity fields fall into three regimes characterized by the size and number of large-scale 

structures present. The large-scale rollers are either circular or elliptical, with the elliptical 

rollers having, in general, horizontal major axes. The transverse velocity fluctuations and 

Reynolds shear stress are suppressed for the weakly compressible mixing layer as compared to 

the incompressible case. The spatial correlations of velocity fluctuations also occupy a smaller 

fraction of the mixing layer thickness than for an incompressible mixing layer. The linear 

stochastic estimate of a roller structure is elliptical with the major axis oriented in the streamwise 

direction and with an eccentricity greater than for the incompressible case. The linear stochastic 

estimate of a braid suggests that the braids are vertically oriented, as opposed to the oblique 

orientation seen in incompressible mixing layers. In addition, the braids in the weakly 

compressible case have a vertically oriented stagnation line, as opposed to the braids in the 

incompressible mixing layer where stagnation occurs at a point. 



Introduction 

Although it is a geometrically simple flowfield, the mixing layer (or shear layer) is of 

great practical importance since it appears quite often in engineering practice. The boundary 

region of a jet, the slip-stream behind a wing, and the interface between a recirculation region 

and a freestream are just a few examples of flowfields containing mixing layers. A typical 

geometry for a mixing layer experiment is shown in Figure 1. The subscript 1 is used to indicate 

the properties of the high-speed stream, while the subscript 2 denotes the low-speed stream 

properties. The velocity profile shown is that of the mean streamwise velocity. 

Incompressible mixing layers have been studied experimentally since the 1940s, and, as 

such, a large volume of experimental data exists for them for a wide range of mixing layer 

attributes including growth rate, mean and fluctuating velocities, vorticity, scalar transport and 

mixing, as well as the effects of varying flow parameters on these attributes. While not nearly as 

extensive, similar experimental data exist for compressible mixing layers, as well. One type of 

measurement that is lacking for both incompressible and compressible mixing layers, however, is 

instantaneous planar velocity measurements. 

Experiments (Brown and Roshko, 1974; Johnson, 1971; Bogdanoff, 1984) have 

demonstrated that even for identical velocity and density ratios, compressible mixing layers grow 

more slowly than incompressible mixing layers. Further experimentation (Dcawa and Kubota, 

1974; Chinzei et al., 1986; Messersmith et al., 1988; Elliot and Samimy, 1990; Papamoschou and 

Roshko, 1988) has shown that it is a compressibility effect, and not just density ratio differences. 
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at Urbana-Champaign. 
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between the two freestreams that accounts for the lower growth rates of compressible mixing 

layers. 

Bogdanoff (1982) introduced the convective Mach number Mc as a parameter for 

isolating the effects of compressibility in mixing layers. When the specific heat ratios, y^ and 

Y2, of the two streams are equal, the convective Mach numbers of the two streams are equal, and 

are given by 

Ui —Uo 
Me=-^ ^ (1) 

where Ui and U2are the velocities of the high-speed and low-speed freestreams, and aj and ^2 

are their respective speeds of sound. For Mc less than approximately 0.6, the convective Mach 

number effectively collapses most of the growth rate data for compressible mixing layers to a 

single curve when the growth rates are normalized by the growth rate of an incompressible 

mixing layer with identical velocity and density ratios. The convective Mach number is not very 

effective at collapsing data for extreme density ratios, however. At mid- to high-subsonic 

convective Mach numbers, the measured convective velocity begins to deviate from that 

predicted by analytic models (Papamoschou, 1991). 

In their seminal paper on incompressible mixing layers, Brown and Roshko (1974) found 

that large-scale, two-dimensional roller structures dominate the flowfield. Large-scale structures 

are also observed in compressible mixing layers, with the topology and behavior of these 

structures highly dependent on the level of compressibility (i.e., the convective Mach number). 

Using a Mie scattering technique, Clemens and Mungal (1992) and Messersmith and Button 



(1996) found that at low Mc, two-dimensional Brown-Roshko-type roller structures dominate the 

mixing layer. However, as the convective Mach number is increased, these two-dimensional 

structures first become obliquely oriented in the spanwise direction, and then as Mc becomes 

large, the large-scale structures become highly three-dimensional, elliptically or polygonally 

shaped, and jagged with long filament-like braids. Unlike the roller structures found in 

incompressible mixing layers, tiiese three-dimensional structures are not well organized spatially. 

Similar results were found by Elliott et al. (1992) using filtered Rayleigh scattering and in 

additional experiments by Clemens and Mungal (1995) using planar laser-induced fluorescence. 

Some studies of the temporal evolution of large-scale structures in compressible mixing 

layers have also been performed. Mahadevan and Loth (1994) used high-speed schlieren 

photography and laser sheet cinematography to visualize a shear layer with M,, = 0.76. Among 

their findings was that large-scale structures stretch and tilt down as they convect downstream. 

Elliott et al. (1995) performed double-pulsed Rayleigh scattering experiments on compressible 

mixing layers with convective Mach numbers of 0.51 and 0.86. In their lower convective Mach 

number case, they observed large-scale structure behavior similar to that seen in incompressible 

mixing layers. At this convective Mach number, roller-structure pairing was observed. 

However, at the higher convective Mach number, roller-structure pairing was not seen. Instead, 

the large-scale structures were observed to tear and stretch. 

Velocity measurements have also been made in compressible mixing layers using laser 

Doppler velocimetry (LDV). Goebel and Dutton (1991) performed velocity measurements over 

a range of convective Mach numbers. One of their major findings was that the transverse 

turbulence intensity and Reynolds shear stress decreased with increasing convective Mach 

number, while the streamwise turbulence intensity remained nearly constant.   Similar results 



were obtained by Samimy and Elliott (1990), although they found the streamwise turbulence 

intensity to decrease somewhat with increasing Mc. 

Planar velocity data for compressible mixing layers are virtually nonexistent. To the 

authors' knowledge, the only experiments that have been performed to date are those by Urban et 

al. (1997, 1998a, b). Their experiments consisted of PIV measurements for compressible mixing 

layers over a range of convective Mach numbers from 0.24 up to 0.79. They found that at low 

convective Mach numbers, the instantaneous vorticity fields contained discrete peaks, indicative 

of large-scale structures. However, as the convective Mach number was increased, the vorticity 

field instead contained thin sheets of vorticity rather than peaks, suggesting a breakdown in the 

large-scale structures. They also measured turbulent velocity fluctuations and Reynolds stresses 

and found the same compressibility effects as Goebel and Dutton (1991). The work presented 

here is for a different convective Mach number than the experiments of Urban et al. and also 

contains different analyses than those performed by Urban et al. (spatial correlations and linear 

stochastic estimates). In addition, data has been collected for the incompressible case for 

comparison purposes. 

Because of the high Reynolds numbers found in compressible mixing layers, numerical 

studies of compressible mixing layers have thus far concentrated on linear stability analysis, and 

large eddy simulations, with only a few researchers attempting direct numerical simulations at 

low Reynolds numbers. Sandham and Reynolds (1989) performed linear stability analysis for a 

wide variety of mixing layers, both compressible and incompressible, and also a two- 

dimensional direct numerical simulation. The Reynolds numbers for these calculations were 

small, with Reg   = 400.  In their stability analysis, they found that oblique waves become the 

dominant instabilities above M^ = 0.6.   This could be the reason that Brown-Roshko-type 



structures are not seen experimentally in high convective Mach number compressible mixing 

layers. In their direct numerical simulation, Sandham and Reynolds found that the vortices that 

do develop are elongated in the streamwise direction with respect to the vortices found in 

incompressible mixing layers. 

Other stability analyses have investigated the effect of increasing convective Mach 

number or introducing disturbances on mixing layer growth rate. Ragab and Wu (1989) found 

that increasing convective Mach number reduces the growth rate of instability modes, and thus 

decreases the growth rate of a compressible mixing layer. Grosch and Jackson (1991) were able 

to double the growth rate of a compressible mixing layer by introducing disturbance waves. Day 

et al. (1998) used a linear stability analysis to study the effects of heat release, compressibility, 

equivalence ratio, density ratio, and velocity ratio on the growth of instabilities in chemically 

reacting mixing layers. Among their findings was that density ratio, convective Mach number, 

and heat release were the most important parameters in affecting the amplification of 

instabilities, with equivalence ratio and velocity ratios being less important factors. 

In a later paper, Sandham and Reynolds (1991) presented results from a true three- 

dimensional direct numerical simulation of a temporally evolving turbulent compressible mixing 

layer. The found that, as the convective Mach number is increased, the large-scale structures that 

develop become more three-dimensional. They also found that mixing layer growth diminishes 

with increasing compressibility. They did not, however, present comparisons of turbulent 

velocity statistics derived from their simulations with experimental data. It is thus difficult to 

assess whether they truly were able to model turbulence down to the smallest scales. 

Vreman et al. (1996) also performed direct numerical simulations for temporally evolving 

compressible mixing layers over a range of convective Mach numbers from 0.2 to 1.2.  They, 



too, observed a reduction in mixing layer growth rate with increasing compressibility. Their 

results suggest that reduced turbulent pressure fluctuations are responsible for the reduced 

growth rate seen at higher convective Mach numbers. They also found that the turbulence 

statistics in their simulations agreed well with experimental results. 

Freund et al. (1997) performed a direct numerical simulation of a temporally evolving 

annular mixing layer with convective Mach numbers ranging from 0.1 to 0.8. One of their major 

findings was that with increasing convective Mach number, the Reynolds stresses, with the 

exception of the streamwise normal stress, were suppressed. They also found a relationship 

between mixing layer growth rate and pressure-strain rate correlation, increasing convective 

Mach number suppresses pressure fluctuations, which suppresses the pressure-strain rate 

correlation, leading to reduced mixing layer growth rate. 

Because of the difficulties in performing direct numerical simulations on spatially 

evolving mixing layers, turbulent simulations of such mixing layers are often done using large- 

eddy simulation. Such a simulation was performed by Nelson and Menon (1998). They tried to 

match the experimental results of Samimy et al. (1992) with their calculations. They found that 

their calculations for compressible mixing layers agreed quite well with experiments for low 

convective Mach number, but at higher convective Mach number, the results, while agreeing 

qualitatively with experiments, were not quantitatively correct. For example, at high convective 

Mach number, the calculated turbulence intensities and Reynolds shear stress profiles had the 

same shapes as the experimental results, but the values of the stresses were different. In fact, 

their results were consistent with the experimental results of Goebel and Dutton in that the 

streamwise turbulence intensity remained nearly constant with increasing Reynolds number. 



Although a large body of experimental results exists on compressible mixing layers, 

instantaneous measurements of the velocity field are lacking. The work presented here is an 

attempt to incorporate instantaneous, planar velocity measurements into the existing body of 

knowledge concerning compressible mixing layers. To obtain these measurements, a series of 

particle image velocimetry (PIV) experiments was performed. These velocity fields were then 

analyzed to provide insight into the characteristics and behavior of large-scale structures found in 

the weakly compressible mixing layer and the effects of compressibility on these structures. 

The remainder of this paper is organized as follows. First, the experimental facility, 

including the wind tunnel and test section, is introduced. Then details of the particle image 

velocimetry used in the experiments, such as descriptions of the components used and the 

capability of the system are discussed. The experimental results from both schlieren 

photography and particle image velocimetry are then presented and discussed. This discussion 

includes how the present findings fit into the context of existing experimental and numerical 

results.  Finally, the conclusions drawn from this experimental study are summarized. 

Experimental Facilities and Equipment 

Wind Tunnel 

The flow facility designed for these experiments is of the blowdown-type. High-pressure 

air is provided by an Ingersoll-Rand compressor that supplies 1200 SCFM at an operating 

pressure of 115 psig. The high-pressure air from this compressor first flows into several 

interconnected pressure vessels with a total volume of 150 m^, collectively known as the tank 

farm. The air from the tank farm enters the laboratory through a 6-inch diameter pipe. The flow 



to the test section is regulated using a 6-inch Fisher control valve; after passing through the 

control valve, the air enters the facility stagnation chamber. 

Figure 2 is a schematic of the test section used in the mixing layer experiments. Two 3- 

inch diameter pipes supply air to the top (high-speed) and bottom (low-speed) streams. The pipe 

to the bottom stream is fitted with a globe valve to allow for throttling. Each of the two streams 

is conditioned by a combination of three screens and one honeycomb insert to provide uniform 

flow and reduce the freestream turbulence intensity. The high-speed stream contains a 

converging-diverging nozzle designed for Mach 2 flow. The low-speed stream contains a 

converging nozzle with a 6:1 area contraction ratio. The two streams come together at the tip of 

the splitter plate. The splitter plate has been machined such that it is only a few hundredths of a 

millimeter thick at its tip with a 3 degree included angle between the two streams. The test 

section is 63.5 mm high, 102 mm wide, and 356 mm long. Also, the test section has been 

designed with windows on all four walls, thus providing optical access to all sides of the test 

section. 

Seeding 

For the PIV experiments, the flow must be seeded witfi particles that are small enough to 

accurately follow the flow. The seeding used in these experiments was titanium dioxide (TiOa) 

particles with an average diameter of 0.4 |im, as measured by Bloomberg (1989). An analysis of 

the dynamics of particles in a compressible mixing layer was performed by Samimy and Lele 

(1991), and their results were used to determine the effectiveness of the seed particles used in 

these weakly compressible mixing layer experiments. For the current experiments, the particle 

Stokes number had a value of i = 0.041. In their analysis, Samimy and Lele found that for x < 



0.05, the error in velocity measurement due to particle slip was negligible. Thus, for the present 

experiments, the titanium dioxide particles should closely follow the flow. 

Obtaining sufficient seed particle density and uniformity was very challenging in 

performing these experiments. Initially, we injected the seed particles into each of the 

freestreams using tubes, but we found the seed uniformity using this injection scheme to be 

unacceptable. Instead, we found that we achieved better seeding uniformity by injecting the seed 

particles into the stagnation chamber. Using this technique, we were eventually able to achieve a 

high enough seed density such that there were at least 5 particle images per interrogation spot 

(and usually, a great deal more), resulting in a very high interrogation success rate. 

Particle Image Veiocimetry System 

The particle image velocimeter used in the cun-ent experiments consists of separate 

acquisition and interrogation systems. The acquisition system includes the lasers, beam-shaping 

optics, and 35 mm camera used to obtain the particle image photographs of the flowfield. The 

interrogation system is comprised of the CCD camera, light source, positioning system, 

controlling computer, and digital signal processors necessary to calculate vector fields from the 

prV photographs. 

The acquisition system used in these experiments was designed explicitly for high-speed 

flows, and therefore contains several features quite different from those found in a system used 

for low-speed flows. The lasers used in the acquisition system are a pair of Continuum 

YG681C-10 Nd:YAG lasers that emit 532 nm light at a pulse repetition rate of 10 Hz. The high 

pulse energy (550 mJ per pulse) of these lasers is necessary to illuminate the small particles used 

10 



in these experiments. The short duration (6-8 ns) of the laser pulses is desirable because this 

eliminates any blurring of the particle images due to motion during the pulse. 

The PrV photographs were obtained using a Canon EOS 35 mm film camera. The 

camera was fitted with a 100 mm focal length lens. This lens has a maximum f* of 2.8, but for 

the weakly compressible mixing layer experiments, the lens aperture was partially closed, 

resulting in an f* of 6.7. 

A critical factor in the acquisition of the PIV photographs is accurate timing of the laser 

pulses. The timing of the acquisition system was controlled by a Stanford Research Systems 

DG535 digital delay pulse generator. A small uncertainty in the time separation of the laser 

pulses is present due to the pulse jitter of each laser, which is approximately 1 ns. The DG535 

has a timing resolution of 5 ps, but this is much smaller than the pulse jitter and can thus be 

ignored. For the weakly compressible mixing layer experiments, a time separation of 400 ns 

between laser pulses was used, resulting in an experimental uncertainty due to pulse jitter of 

±0.25%. 

The interrogation system used to compute the velocity vector fields from the PIV 

photographs is controlled by a 90 MHz Pentium computer. The photographic negative is placed 

in a glass sandwich and small regions of the photograph are imaged onto a CCD camera. A two- 

axis positioner controls the location of the negative, allowing different regions of the recorded 

flowfield to be imaged. A frame grabber residing within the host computer digitizes the image, 

and the digitized image is then sent to a digital signal processing (DSP) board containing two 

Texas Listmments TMS320C44 processors. The DSP board performs a cross-correlation 

analysis on the digitized image to find the velocity vector at each interrogation spot location. 

The system is capable of computing about 6 vectors per second. 

11 



The experimental uncertainty of the PIV measurements must be addressed. In a detailed 

study of interrogation accuracy, Prasad et al. (1988) found that when particle images are well 

resolved during digitization, the uncertainty of the measurement is equal to roughly one-tenth of 

the particle image diameter. This uncertainty is due to the error associated with locating the 

particle location to sub-pixel resolution using a centroidal method. A particle image is 

considered to be well resolved when the ratio of the particle image diameter to the size of the 

CCD pixel when projected back onto a photograph is din,age/dpixel -^- In the experiments 

presented here, the particle diffraction-limited spot size is 40 p,m. Each 128 x 128 pixel 

interrogation spot is 1200 |im x 1200 \im, thus dpixei=9.38 ^im. It follows then that 

dimage/dpixel =4.3, SO diat the images are well resolved. Approximating the measurement 

uncertainty as one-tenth of the particle image diameter yields an uncertainty of 4 ^im. In the 

current experiments, the bottom freestream velocity corresponds to a displacement of 113 }im 

and the top freestream velocity corresponds to a displacement of 216 fxm. Thus, for these 

experiments, the measurement uncertainty is ±3.5% for the bottom freestream and ±1.9% for the 

top freestream. 

Results and Discussion 

For the weakly compressible mixing layer experiments, the top and bottom freestream 

velocities were set at 510 m/s and 270 m/s, respectively. This corresponds to a velocity ratio of 

r = u2/ui =0.53.   Because static temperature is dependent on Mach number in homenergetic 
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flow, the two freestreams have different static temperatures, and thus different densities. For the 

flow conditions used in these experiments, the density ratio was s = pj/pj = 0.67. 

As described earlier, the parameter that is used to quantify compressibility effects in 

mixing layers is the convective Mach number. For these experiments the convective Mach 

number is 0.38. Compressibility effects begin at approximately M^ = 0.3, but do not become 

dominant until around M, =0.6 (Button, 1997). Thus, in these experiments, there should be 

some compressibility effects present, but these effects should be rather weak. Even so, the 

planar velocity measurements presented and discussed below show some significant differences 

with corresponding results for incompressible mixing layers. 

Schlieren Photography 

A composite schlieren photograph of the weakly compressible mixing layer is shown in 

Figure 3. Little evidence of large-scale turbulent structure can be seen in the photo until the 

downstream half of the flowfield. While some braid-like structure is present in this region, 

dominant, rounded, Brown-Roshko rollers are clearly not evident. 

Among the other features visible in this figure are weak disturbance waves in the top 

(supersonic) freestream. There is a disturbance wave emanating from a point on the top wall 

upstream of the tip of the splitter plate that then propagates downstream. This wave is caused by 

the seam where the top window frame fits into the top wall of the test section. Another 

disturbance, a weak oblique shock wave, is formed at the tip of the splitter plate, and it also 

propagates downstream, reflecting off both the top wall of the tunnel and the mixing layer. This 

oblique shock wave is caused by the slight mismatch in static pressure at the splitter plate tip 

(which can vary slightly with time?) and by the 3 degree angle of convergence of the two 
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freestreams at the tip, as well as the confinement effects on the supersonic freestream due to the 

presence of the top wall of the wind tunnel. A final disturbance is observed originating just 

upstream of the location where the two photographs are spliced together. This is formed at the 

location where the top window is epoxied into the window frame. Since there is no perceptible 

turning of the mixing layer at the locations where all these disturbance waves intercept it, each of 

the waves is deemed to be weak. However, the intermittent nature of the wave generated at the 

splitter plate tip does influence the velocity measurements in the top freestream to a small extent, 

as will be shown shortly. The intermittent nature of the waves is a possible concern, because the 

waves could possibly affect the nature of both the large-scale turbulent structures and 

entrainment. However, because the measured mixing layer growth rate agrees well with 

previous experiments, we believe that such effects are small. 

An estimate of mixing layer growth is determined from the schlieren photograph. First, 

an estimate of the ratio of the visual thickness of the mixing layer, as measured from the 

schlieren photograph, to the vorticity thickness of the weakly compressible mixing layer, as 

determined using PIV measurements, must be made. At the location where the PIV photographs 

were obtained, the vorticity thickness of the mixing layer was found to be 13.5 mm, and the 

visual mixing layer thickness in the schlieren photograph is 17 mm, thus, 5(o/8vis =0.79. This 

ratio is assumed to be constant over the entire range of the schlieren photograph. The growth 

rate for the weakly compressible mixing layer is then estimated from the schlieren photograph as 

d8Q,/dx = 0.038. According to Papamoschou and Roshko (1988) and Dutton (1997), the 

expected vorticity-thickness growth rate for an incompressible mixing layer can be calculated 

using 
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^] =0.165    ,^     ,  ) 
•'incompressible 2 l + rS'^^ 

= 0.165     ^    ,^/ (2) 

V 

which, for the present mixing layer experiment, yields dS^/dx = 0.049. Thus, the growth rate 

of the current mixing layer is only 78% of the growth rate for an incompressible mixing layer 

with identical velocity and density ratios. This growth-rate reduction agrees well with previous 

experimental results for convective Mach numbers near the current 0.38 value (Dutton, 1997). 

Particle Image Velocimetry Measurements 

Measurement Parameters 

An ensemble of 37 PIV velocity vector fields was obtained at a location 220 mm 

downstream of the tip of the splitter plate. The size of this ensemble w as limited due to the 

difficulty of obtaining uniform and sufficient seed particle density to obtain successful PIV 

vector fields in high-speed flows. An interrogation spot size of 1.2 mm uas used, and with 50% 

overlap between adjacent interrogation spots, this results in a spatial resolution of 0.6 mm in both 

the X- and y-directions. The vector fields presented here measure 70 x 70 vectors. 

As mentioned previously, the vorticity thickness of the weakly compressible mixing layer 

at the measurement location is 13.5 mm. Thus, there are 22.5 velocity vectors measured across 

the thickness of the mixing layer, providing good spatial resolution of the large-scale turbulence. 

At this downstream location, the Reynolds numbers based on distance from the splitter plate tip 

and local mixing layer vorticity thickness are  Re^ =3.7  x  10^ and   Reg   =   1.8 x  10^, 

respectively.  Goebel and Dutton (1991) found in their compressible mixing layer experiments 
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that self-similarity was achieved for Reg > 10^. Thus, it is safe to assume that in the current 

experiment the mixing layer is fully developed with respect to both mean and turbulence 

quantities. 

Instantaneous Velocity Field Results 

A typical instantaneous velocity field for the weakly compressible mixing layer is shown 

in Figure 4. In this vector field and in all vector fields presented herein, the mean freestream 

velocity of 390 m/s, which approximates the expected convective velocity, has been subtracted 

from each of the vectors to make the large-scale structures more apparent. The coordinate 

system used in the vector plots is such tiiat the tip of the splitter plate is at (0,0). In Figure 4, two 

large Brown-Roshko-like roller structures can be seen near the left and right center of the image 

with a braid region between them. In this image and other images of the mixing layer, the 

presence of three-dimensionality and small-scale structures can make identification of large-scale 

structures difficult. 

Evidence of Brown-Roshko-like rollers structures in a compressible mixing layer has 

been reported before. In direct numerical simulations by Sandham and Reynolds (1991) of a 

temporally-evolving compressible mixing layer with Mc = 0.4 (very close to that of the present 

experiment), roller structures were very clearly observed as well as the braid regions between 

them.  Of course, their simulations were for Re5^= 400 compared to Re 5^= 1.8 x 10^ in the 

present experiment, so the simulation did not contain the small-scale structure of the PIV vector 

fields, but the large-scale structures were visible nevertheless. Similarly, pressure correlation 

measurements by Samimy et al. (1992) indicated the presence of structures at Mc = 0.51 similar 

to those in the incompressible case, only less organized. 
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Clemens and Mungal (1995) also observed the presence of Brown-Roshko-like structures 

in their planar Mie scattering experiments. The found evidence of very persistent Brown-Roshko 

structures up to Mc = 0.28, and these structures were still evident at Mc = 0.42, although they 

were much more disorganized. At Mc = 0.62, they reported that the Brown-Roshko structures 

were no longer identifiable. 

Another feature of the flowfield that can be observed in Figure 4 is the presence of a 

weak oblique shock wave in the top freestream. On the left side of the vector field, the top 

freestream vectors have a small downward velocity component. However, a weak oblique shock 

wave can be seen beginning near x = 228 mm, y = 6 mm and extending diagonally up into the 

top freestream. This shock wave has the effect of slightly turning the flow such that the velocity 

vectors in the top freestream to the right of the shock wave have a small upward velocity 

component. The shock wave would hardly be visible at all if the large convective velocity had 

not been subtracted away. The shock wave is not present in all of the vector fields, and when it 

is present, it has varying strength. Because of the intermittency of its occurrence, this shock 

wave is thought to be the result of small, intermittent pressure mismatches at the splitter plate tip. 

When the pressures are perfectly matched, there is no shock wave, but any variation between the 

pressures of the two freestreams will cause a weak shock wave or expansion fan to appear. The 

effect of these weak waves in the high-speed freestream will be discussed again later. 

While Figure 4 is a typical result for the velocity vector field, it is in no way 

representative of all the vector fields. Indeed, the individual velocity fields comprising the 

ensemble fall predominantly into three different regimes. The first regime is typified by the 

vector field in Figure 4, and is characterized by large-scale Brown-Roshko-like roller structures 

17 



similar to those observed in incompressible mixing layers, except with more small-scale 

structure superimposed on the rollers. 

The second regime contains vector fields similar to the one shown in Figure 5. This 

velocity field has a number of smaller roller structures, some of which are moving at different 

convective velocities than the others. For example, there is one roller structure at (226 mm, 

-1 mm), another at (236 mm, -2 mm), a third at (250 mm, -2 mm), and a fourth at (255 mm, 

-3 mm). The second, third, and fourth roller structures are not as easily visible as the first, most 

likely because they are moving at a different convective velocity than the first, so that the 

circulation pattern about these structures is not as readily apparent. Also, each of these structures 

is smaller than the two large structures present in Figure 4. This obser\ation of a second flow 

regime is in agreement with the results of Clemens and Mungal (1995). who observed that at 

Mc = 0.42, large-scale structures, while present, were disorganized and intermittent. 

An example of a velocity vector field in the third regime is presented in Figure 6. This 

vector field contains little evidence of large-scale structures, and instead appears to be dominated 

by small-scale structures. There may be a small roller structure located near (230 mm, -2 mm), 

although it is apparently moving at a convective velocity different from 390 m/s. In addition, 

there appears to be a stagnation region at (245 mm, -2 mm), but other than these two features, 

there are no readily discernible large structures. The three flow regimes observed in these 

experiments are consistent with previous flow visualization research (Messersmith and Button, 

1996; Clemens and Mungal, 1995; Elliott et al., 1995), where large variability in flow structure 

was seen in the image ensembles for compressible mixing layers. 

Structure Pairing 
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Li incompressible mixing layers, one mechanism for mixing layer growth is the pairing of 

two or more large-scale structures into a larger structure (Browand and Latigo, 1979). This 

pairing process has also been observed in the current weakly compressible mixing layer. One 

example of a possible roller pairing is presented in Figure 7. In this figure, there is a horizontally 

oriented elliptical roller structure centered at (229 mm, 4 mm) with a smaller, circular roller 

structure to its lower right. These two roller structures appear to be well into the pairing process, 

as the stagnation region between them has completely disappeared. There is also a large region 

of circulation around both of the rollers, indicating that the two structures have begun to act as a 

single structure. 

Figure 8 shows another pair of roller structures in the process of pairing to form a larger 

structure. These two structures have nearly completed the pairing process. There is a large, 

circular roller structure centered at (230 mm, -1 mm), and to its lower right the remnants of a 

smaller structure can be seen. This smaller structure appears as a small bump on the larger roller 

structure and is somewhat difficult to discern. 

Each of the velocity fields in the ensemble that depict roller pairing are similar to those in 

Figures 7 and 8 in that the trailing roller is always at an angle of approximately 45 degrees and 

above the leading roller. The two interacting roller structures are never observed to be oriented 

with one on top of the other. Although the ensemble size is certainly small, this might suggest 

that for the weakly compressible case, instead of the "rotational pairing" that is observed in 

incompressible mixing layers (Browand and Latigo, 1979), the two rollers merge by a "slapping" 

mechanism in which there is little rotation of the structures about each other. This is consistent 

with the Mie scattering cinematography results of Mahadevan and Loth (1994) for compressible 

mixing layers. 
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Mean Velocities and Reynolds Stresses 

Although the ensemble of 37 velocity vector fields is relatively small, a method was 

devised to obtain more reliable velocity statistics for the PIV vector fields. Mean velocity and 

Reynolds stress profiles were created by collapsing the 70 columns of velocity vectors in each of 

the fields into a single column. Some error is introduced in doing this because the mixing layer 

does grow as it moves downstream, and thus it is thicker on the right edge of the vector field than 

on the left. The growth rate is small, however, and thus, its effect is believed to be negligible. 

Recall from the schlieren results that dbjdx = 0.038. This results in the vorticity thickness of 

the mixing layer increasing by about 10% from left side of the velocity vector field to the right. 

Collapsing the velocity field columns results in an ensemble of 2590 realizations at each 

transverse location, an ensemble large enough to provide reliable velocity statistics. These are 

not 2590 completely independent realizations, however, as multiple realizations are obtained 

from a single velocity vector field, but rather represent velocity measurements obtained at high- 

data density over a relatively limited number of turbulent structures. 

The mean u-velocity profile as measured by PIV is shown in Figure 9. It has the same 

error-function-type shape as the fully developed mean u-velocity profile for the incompressible 

mixing layer (Brown and Roshko, 1974). The y-axis has been normalized by the vorticity 

thickness, a procedure that will be followed in all of the profile plots presented. Also, in this 

figure and in the other statistical profiles to follow, yo is defined as the point where the mean u- 

velocity is equal to the average of the top and bottom freestream velocities. 

The mean v-velocity profile is shown in Figure 10. This velocity profile has both a 

negative peak in the upper portion of the mixing layer and a positive peak in the lower portion. 
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indicating entrainment of fluid into the mixing layer from each of the freestreams. In addition, 

the peaks are skewed toward the high-speed stream. This phenomenon was also observed in 

similar PIV experiments performed for an incompressible mixing layer (Olsen and Dutton, 1999) 

but for the weakly compressible case, the effect is much more pronounced. Another point to 

note is that the magnitudes of the v-velocity are small compared to those for the incompressible 

mixing layer. Since the mean v-velocity is directly related to the entrainment of fluid from each 

of the freestreams, the reduction of the mean v-velocity with increasing compressibility 

demonstrates a major effect of compressibility on mixing layers, namely that mixing layer 

growth rate decreases with increasing convective Mach number. This effect has been observed 

both experimentally (Elliott and Samimy, 1990; Goebel and Dutton, 1991) and computationally 

(Sandham and Reynolds, 1989,1991; Nelson and Menon, 1998) and is confirmed here. 

The Reynolds stress profiles are shown in Figure 11. The Reynolds normal stresses, 

<u'u'> and <v'v'>, are seen to peak near the center of the mixing layer and decay moving away 

from the center of the mixing layer. Although <v'v'> increases again in the top freestream, this is 

not caused by increased turbulence in the top freestream, but is instead a result of the slight 

turning of the velocity vectors in those vector fields that contain the oblique shock wave 

discussed earlier. In each of the individual vector fields, there is low turbulence in the top 

freestream. However, the v-velocity in the top freestream varies from vector to vector depending 

on whether or not the oblique shock wave is present, and this creates "false turbulence." The 

Reynolds shear stress <u'v'> also peaks at the center of the mixing layer and decays moving 

towards the freestreams and has the expected negative values. 

In previous PIV measurements of an incompressible mixing layer (Olsen and Dutton, 

1999), which were performed at a Reynolds number of Reg  =1.1 x 10'*, the peak values of 
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<u'u'>/(AU)^ <v'v'>/(AU)^ and <u'v'>/(AU)^ were 0.032, 0.026 and -0.010, respectively. For 

the current weakly compressible mixing layer, these same quantities have peak values of 0.036, 

0.017, and -0.010. This suppression of <v'v'> with increasing compressibility is consistent with 

previous compressible mixing layer research (Goebel and Dutton, 1991). Generally, turbulence 

intensities (square root of normal stresses) are presented in the literature and not the Reynolds 

normal stresses. The peak values of the turbulence intensities and also the Reynolds shear stress 

are shown in Table 1, along with the results from previous experiments for convective Mach 

numbers near the current value of 0.38. Although none of the previous experiments were 

performed at exactly the same Mc as the present experiment, the current results do seem to agree 

with the previous results. However, it is difficult to draw definitive conclusions from the present 

experiment because the convective Mach number is substantially lower than those reported by 

previous researchers. 

Vorticity and Strain Rate 

One major advantage of PIV over other velocimetry techniques is that the instantaneous 

nature of the PIV planar velocity fields allows for the calculation of instantaneous derivative 

quantities such as vorticity and strain rate. Figure 12 is the instantaneous vorticity field derived 

from the velocity field shown in Figure 4. PIV results for an incompressible mixing layer (Olsen 

and Dutton, 1999) revealed that, in general, negative peaks in vorticity correspond to the centers 

of roller structures. There are several negative peaks of vorticity in Figure 12, and the two 

largest of these do seem to correspond to the roller structures seen in the velocity field. There 

are other, smaller vorticity peaks in Figure 12, and these are due to the presence of small-scale 

turbulence in the mixing layer. There is also non-zero vorticity in each of the freestreams due to 
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small-scale turbulent structures located there. That roller structures correspond to negative peaks 

in vorticity is important in that negative peaks in vorticity can be used to define an event based 

upon which the linear stochastic estimate of a roller structure can be found. 

The instantaneous shear strain rate field for the velocity field shown in Figure 4 is 

presented in Figure 13. The incompressible mixing layer PIV experiments indicated that, in 

general, negative peaks in strain rate corresponded to the location of braids. Such a negative 

peak in strain does occur direcdy below what visually appears to be a braid in the velocity vector 

field of Figure 13. The fact that the two do not coincide is most likely a consequence of the 

braid moving at a convective velocity different than the value subtracted from the vector field. 

There are also positive peaks of shear strain in the mixing layer, and these generally correspond 

to the roller structures. Some non-zero strain peaks are seen both in the top and bottom 

freestreams, a consequence once again of freestream turbulence. With it hav ing been determined, 

that negative peaks in shear strain correspond to braid structures, this information can be used in 

defining an event to determine the linear stochastic estimate of a braid. 

Spatial Correlations 

Because of the instantaneous two-dimensional nature of the PrV' vector fields, spatial 

velocity fluctuation correlations can also be easily determined. First, spatial correlations were 

calculated using thirteen basis points in each vector field. These basis points were all on the 

transverse centerline of the mixing layer (where the centerline is defined by those points where 

the velocity is the mean of the two freestreams) and were equally spaced in the x-direction. For 

each of these points, the spatial correlation was calculated as 
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(u;(x,y)u'j(x,y;X,Y)) = u;(x,y)u'j(x + X,y + Y) (3) 

where (x, y) are the coordinates of the basis point (the point about which the spatial correlation is 

calculated), and (X, Y) are the displacements from the basis points. For these calculations, the 

area over which the spatial correlation is calculated is a square of 41 vectors by 41 vectors 

centered on the basis point. The ensemble average of the spatial correlations for all of the basis 

points (481 realizations in all) was then calculated and normalized by J(ui(x,y))(uj(x,y)) 

resulting in 

(u|(x,y)Uj(x,y;X,Y)) 
R„;u:(x.y;X.Y) = \ ' (4) 

V\^i(x,y))(uj(x,y); 

The spatial correlation Ry-^' for the weakly compressible mixing layer is shown in Figure 14. 

The corresponding spatial correlation for an incompressible mixing layer has been previously 

calculated and presented (Olsen and Button, 1999). In both the incompressible and compressible 

cases, the correlation is a horizontally oriented ellipse. This shape is expected for a mixing layer 

dominated by roller structures and braids. Along the mixing layer centerline, the u-velocity 

fluctuation (?) varies slowly because each individual large-scale structure convects downstream 

with a nearly constant u-velocity. The R„-„- correlation thus remains high over long distances in 

the x-direction. There is not a corresponding long correlation distance in the y-direction, 

however. Along a line of constant x, there are differing fluctuations around the mean u-velocity 

as the y-location is varied.    Thus, R„-„- drops off quickly in the y-direction.       For the 
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incompressible mixing layer, the R^'^' = 0.4 contour extends from about ±1.4 6(o in the x- 

direction to +0.4 5(o and -0.7 b^ in the y-direction. However, for the weakly compressible 

mixing layer, the Ry'u' = 0.4 contour extends from only ±0.85(0 ^^ the x-direction to only 

+0.4 6jo and -0.3 S^^ in the y-direction. 

The spatial correlation function R^y for the weakly compressible mixing layer as 

measured by PIV is shown in Figure 15, and this can be compared with the corresponding 

function for an incompressible mixing layer that has been previously presented elsewhere (Olsen 

and Dutton, 1999).   Unlike R^y for the incompressible mixing layer, which is a vertically 

oriented ellipse, the correlation field for the weakly compressible mixing layer is essentially 

circular. This shape is consistent with horizontally oriented elliptical roller structures for the 

weakly compressible case (see next section). For the incompressible mixing layer, which 

contained circular rollers, the v-velocity at the center of a roller was zero, but to the right of the 

structure the v-velocity quickly became negative, and to the left of the roller structure the v- 

velocity became quickly positive. It was this rapid variation in the v-velocity fluctuation that led 

to short correlation distances in the x-direction for the incompressible case. The circular shape 

of the RyV contours for the weakly compressible mixing layer suggests relatively longer 

correlation distances of the v-velocity fluctuations in the x-direction. This means that the 

variation in v-velocity is not as rapid and, thus, there is near-zero v-velocity fluctuation over 

longer distances in the x-direction, a characteristic found in horizontally oriented elliptical 

rollers. As was the case for R„'„', the R y'^' correlation field is seen to be smaller for the weakly 

compressible mixing layer than for the incompressible mixing layer. For the incompressible 

case, the R^y =0.4 contour extends from approximately ±0.5SQ, in the x-direction to +0.66(o 
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and -1.08(0 ^^ ^^e y-direction.   For the weakly compressible mixing layer, however, the 0.4 

contour extends from only about ±0.4 b^^ in the x- and y- directions. 

The question must be addressed as to whether the different shapes and sizes of the 

correlation functions in the weakly compressible and incompressible cases are a function of the 

higher Reynolds number in the weakly compressible case or if the different shapes are an effect 

of compressibility. This question can be answered by considering the experimental results of 

Tung (1982). Tung measured spatial correlations for an incompressible mixing layer using an 

array of hot wires.    In his experiments,  Reg = 4.7 x 10'*, which is larger than for the 

incompressible correlation fields previously measured by the current authors. Comparing the 

shapes of the correlation fields for the two incompressible experiments shows that the correlation 

fields have exactly the same shapes. The only effect of increasing the Reynolds number is for 

the correlation fields to become smaller. Thus, it can be concluded that the difference in the 

shapes of the spatial correlation fields for the weakly compressible mixing layer with respect to 

those for the incompressible mixing layer are a result of compressibility, not increasing Reynolds 

number, and the difference in the relative sizes of the correlation functions is a result of the 

higher Reynolds number in the weakly compressible case. 

The spatial correlation function RyV is presented for the weakl\ compressible mixing 

layer in Figure 16. Once again, these spatial correlations are compared with the corresponding 

correlation for an incompressible mixing layer. In both cases, the R^y correlation field is seen 

to be relatively noisy due to the small ensemble size. Figure 16 does have a peak value of 0.47 

in the center (i.e., zero displacement), however, which is consistent with the LDV measurements 

of Goebel and Dutton (1991), and is very similar to the peak value in the incompressible case 
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(0.46). Just as for the other correlation fields presented, RyV for the weakly compressible 

mixing layer appears to be smaller (due to the higher Reynolds number), and perhaps more 

horizontally oriented, than its counterpart for the incompressible mixing layer, although 

quantitative comparisons are difficult due to the irregular shapes. 

Linear Stochastic Estimation 

It is possible to calculate conditional velocity fields from the spatial correlations using a 

technique called linear stochastic estimation (Adrian et al., 1989). By properly defining the 

conditions corresponding to a specific large-scale structure, the velocity field representing that 

structure based on the spatial correlations can be calculated. This was done for the weakly 

compressible mixing layer by choosing conditions representative of both a roller and a braid. 

These results are compared to similar calculations performed for an incompressible mixing layer 

(Olsen and Dutton, 1999). 

Generally, the event upon which a linear stochastic estimate is based is a velocity 

fluctuation. Defining rollers and braids in a mixing layer by such event will not work, however, 

since the centers of roller structures and braids are characterized by a velocity fluctuation of zero. 

Thus, the stochastic estimates of both rollers and braids based on a velocity fluctuation will be 

identical. A different event must be chosen to characterize roller structures and braids. 

As discussed earlier, comparison of the individual velocity vector fields to their 

corresponding vorticity and rate-of-strain fields leads to the conclusion that rollers correspond to 

peaks in vorticity and braids correspond to peaks in strain. A linear stochastic estimate for 

mixing layer structures can then be constructed by incorporating this information. The linear 

stochastic estimate is based on the local deformation at some location Xo and is given by 
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(u;(x)|dij(xj) = Ai(x)+Bijk(x)djk{xo) (5) 

where dj^ is the deformation tensor. The coefficients AjCx) and Bij,j(x) are then calculated by 

minimizing the mean square error of the estimate. This yields the results 

Ai(x) = 0 

and 

(6) 

(u j.k (xo VLIH (XO ))Bijk (x) = -T-^^ 
OX-rn 

(7) 

which is a set of eight equations (i, 1, m = 1,2) that can be solved to obtain B^y. (x). Then, using 

a given value for the deformation tensor at location Xo, Eqn. (5) can be used to find the linear 

stochastic estimate of the velocity field. 

As a first step in this analysis, several instantaneous vector fields were analyzed to find 

typical deformation tensor values at the centers of both roller structures and braids. For a roller, 

the deformation tensor is dj^ = 
-2000   50,000 

20,000     2000 
and for a braid the deformation tensor is 

djk = 
-1375    -12,500 

-35,750    -1500 
-1 , where the units are s    .  These values were then used to calculate 

the linear stochastic estimates of both rollers and braids for the weakly compressible mixing 

layer. 
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The linear stochastic estimate for a roller structure in the weakly compressible mixing 

layer is shown in Figure 17. This figure demonstrates that the linear stochastic estimate is an 

effective technique for determining the features of large-scale structures present in the mixing 

layer. This is because the linear stochastic estimate behaves like a low-pass filter, eliminating 

the contributions of small-scale structures (which are very prevalent in the weakly compressible 

mixing layer due to the high Reynolds number) and highlighting the underlying large-scale 

structures. 

In Figure 17, the linear stochastic estimate of a roller structure in the weakly 

compressible mixing layer is seen to be elliptical with a horizontal major axis. In contrast, the 

linear stochastic estimate of a roller in an incompressible mixing layer (Olsen and Button, 1999) 

is more circular. This effect of compressibility on roller structures is consistent with the direct 

numerical simulations of Sandham and Reynolds (1989 and 1991), who found that in a 

compressible mixing layer, vortices are elongated in the streamwise direction compared to the 

vortices found in incompressible mixing layers. They also believed that the elongated structures 

could not entrain as much fluid as the nearly-circular structures in incompressible mixing layers, 

and would thus lead to a smaller growth rate. Indeed, the schlieren photograph presented earlier 

in Figure 3 and also the mean v-velocity profile of Figure 10 confirmed that the growth rate of 

the present weakly compressible mixing is much less than that of a comparable incompressible 

mixing layer. Thus, it seems that one effect of compressibility is to increase the eccentricity of 

roller structures, which in turn leads to a diminished mixing layer growth rate. This elongation 

of large-scale structures with compressibility also agrees well with the planar Mie scattering 

visualization results of Messersmith and Dutton (1996). Messersmith and Dutton also observed 

that the elongated structures at an angle of about 26 degrees with respect to horizontal.  While 
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the conditional roller structure in Figure 17 is angled slightly with respect to horizontal, the angle 

is far less than that measured by Messersmith and Dutton. This can possibly be attributed to 

Messersmith and Dutton correlating a scalar quantity, whereas the structure in Figure 17 is based 

on correlations of the velocity. 

The linear stochastic estimate of a braid structure in a weakly compressible mixing layer 

is presented in Figure 18. Once again, comparison can be made with the linear stochastic 

estimate of a braid in an incompressible mixing layer (Olsen and Dutton, 1999). Both estimates 

are somewhat similar in appearance, although the incompressible braid is obliquely oriented 

while the weakly compressible braid is vertically oriented. In addition, in the weakly 

compressible braid, stagnation occurs along a vertically oriented line, whereas for the 

incompressible braid, stagnation occurs at a point. Indeed, the braid near the center of the 

velocity vector field in Figure 4 does appear to have a vertically oriented braid, as the linear 

stochastic estimate suggests. Clemens and Mungal (1995) also observed a change in braid 

structure with increasing compressibility in their flow visualization experiments. In their low 

convective Mach number case (Mc = 0.28), they observed braid structure similar to that found in 

incompressible mixing layers. However, as the convective Mach number was increased to 0.42, 

the braid regions developed a "kink," which became more noticeable as Mc was increased even 

further. As did Messersmith and Dutton, the results of Clemens and Mungal are based on 

measurements of a scalar quantity, not velocity. The observed kink in the scalar field may be 

attributed to changes in the velocity field that manifest themselves as a vertically-oriented 

stagnation region. 
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Conclusions 

An ensemble of 37 high-vector density PIV velocity fields was obtained for a weakly 

compressible mixing layer with Mc = 0.38. The individual velocity fields fell into three regimes. 

The first regime is characterized by large Brown-Roshko-like roller structures that are typical of 

incompressible mixing layers. The second regime also contains similar structures, but these are 

smaller than those in the first regime. Finally, the third regime of velocity fields showed little, if 

any, discernible large-scale stmcture. This observation of intermittent and disorganized large- 

scale structure is consistent with previous flow visualization studies. Pairing of roller structures 

also seemed to occur, but unlike in an incompressible mixing layer, for which the pairing 

mechanism involves rotation of the two interacting roller structures, pairing in the weakly 

compressible mixing layer seems to occur through a "slapping" mechanism, with little transverse 

movement of the two interacting rollers. 

The planar velocity fields were also reduced to a single transverse profile to yield reliable 

velocity statistics.  The peak values of (U')/AU , (V')/AU , and (u V')/(AU) were found to be 

0.19, 0.13, and -0.010, respectively. These agree well with the results of previous LDV 

experiments by Goebel and Dutton (1991) and PIV experiments of Urban et al. (1997, 1998a, b), 

and demonstrate the effects of compressibility on the mixing layer statistical quantities. These 

effects are that the transverse turbulence intensity and Reynolds shear stress are suppressed, 

while the streamwise turbulence intensity remains constant with increasing convective Mach 

number. 
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The planar velocity data were also used to calculate the spatial correlation fields of 

velocity fluctuations for the weakly compressible mixing layer.    The   Ru'„'  correlation is 

elliptical with a streamwise-oriented major axis. This is similar to the shape seen in the R^^'^' 

correlation for an incompressible mixing layer. The R^y correlation is nearly circular. This is 

very different than the same correlation for an incompressible mixing layer, which is a vertically 

oriented ellipse. The RyV correlation is somewhat noisier than the other two correlations, most 

likely due to the limited ensemble size, but appears to be circular with a peak value of 0.47 at the 

origin. The shapes of these correlation functions suggest flattened elliptical roller structures with 

the major axis oriented in the streamwise direction. The changes in the shapes of the correlation 

functions in the weakly compressible case are believed to be a result of compressibility and not 

of higher Reynolds number. The correlation fields for the weakly compressible mixing layer 

decay more quickly with increased displacement from the basis points than those found in an 

incompressible mixing layer. This is to be expected, as the Reynolds number was much greater 

for the weakly compressible mixing layer than for the incompressible case. 

Finally, linear stochastic estimation yielded insights into the characteristics of the large- 

scale structures found in the weakly compressible mixing layer, and the effects of 

compressibility on these structures. In the weakly compressible case, the linear stochastic 

estimate of a roller is a flattened, elliptical structure with a horizontal major axis. This differs 

from the linear stochastic estimate for an incompressible mixing layer, which was less eccentric. 

Increasing eccentricity in roller structure shape with increasing compressibility has been 

observed in previous flow visualization and computational work. The linear stochastic estimate 

of a braid in the weakly compressible mixing layer is vertically oriented, as opposed to the 

estimate of a braid for the incompressible case, which was obliquely oriented. Also, the braid in 
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the weakly compressible mixing layer has a vertically oriented stagnation line, while in the 

incompressible case, stagnation was seen to occur at & point. This is consistent with earlier flow 

visualization research that also showed changes in braid structure with increasing 

compressibility. 
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List of Table and Figure Captions 

Table 1 Comparison of turbulence quantities for compressible mixing layer experiments. 

Figure 1 Schematic of a mixing layer. 

Figure 2 Mixing layer facility schematic. 

Figure 3 Schlieren photograph of the weakly compressible mixing layer. 

Figure 4 A typical weakly compressible mixing layer vector field. This velocity field is in the 
first regime. 

Figure 5 A velocity vector field for the weakly compressible mixing layer in the second regime. 

Figure 6 A velocity vector field for the weakly compressible mixing layer in the third regime. 

Figure 7 Close-up of the interaction of two roller structures showing a possible pairing. 

Figure 8 Close-up of the interaction of two roller structures showing late stages of a possible 
pairing. 

Figure 9 Mean u-velocity profile as measured by PIV. 

Figure 10 Mean v-velocity profile as measured by PIV. 

Figure 11 Reynolds stress profiles as measured by PIV. 

Figure 12 Instantaneous vorticity field for the weakly compressible mixing layer. 

Figure 13 Instantaneous shear strain rate field for the weakly compressible mixing layer. 

Figure 14 The spatial correlation R^'^' for the weakly compressible mixing layer. 

Figure 15 The spatial correlation Ryy for the weakly compressible mixing layer. 

Figure 16 The spatial correlation R„v for the weakly compressible mixing layer. 
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Figure 17 Linear stochastic estimate of a roller structure for the weakly compressible mixing 
layer. 

Figure 18 Linear stochastic estimate of a braid for the weakly compressible mixing layer. 
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Table 1 Comparison of turbulence quantities for compressible mixing layer experiments. 

Experiment Re, Reg Mc (u')/AU {v')/AU (u'v'>/(AU)' 

Present 1.8 X 10^ 
3.7 X 10^ 

1.1 X lO'^ 
1.8x10^ 

0.02 
0.38 

0.18 
0.19 

0.16 
0.13 

0.010 
0.010 

Goebel and Dutton 
(1991) 

3.1 X 10^ 
4.8 X 10^ 

7.0 X lO'* 
1.3x10^ 

0.20 
0.46 

0.22 
0.17 

0.15 
0.10 

0.017 
0.0086 

Urban and 
Mungal (1998a) 

3.4 X 10^ 
5.3 X 10^ 

1.5 X 10^ 
4.0 X 10^ 

0.25 
0.63 

0.17 
0.16 

0.13 
0.09 

0.012 
0.008 

Samimy and Elliott 
(1990) — 

— 0.51 
0.64 

0.16 
0.15 

0.11 
0.10 

0.008 
0.008 
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Figure 1 Schematic of a mixing layer. 
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Figure 2 Mixing layer facility schematic. 
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Figure 3 Schlieren photograph of the weakly compressible mixing layer. 
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Figure 5 A velocity vector field for the weakly compressible mixing layer in the second regime. 
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Figure 6 A velocity vector field for the weakly compressible mixing layer in the third regime. 
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Figure 7 Close-up of the interaction of two roller structures showing a possible pairing. 
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possible pairing. 
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Figure 9 Mean u-velocity profile as measured by PIV. 
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Figure 10 Mean v-velocity profile as measured by PIV. 
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Figure 11 Reynolds stress profiles as measured by PFV. 
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Figure 13 Instantaneous shear strain rate field for the weakly compressible mixing layer. 
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Figure 14 The spatial correlation R„'„' for the weakly compressible mixing layer. 
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Figure 15 The spatial correlation R y^' for the weakly compressible mixing layer. 
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Figure 16 The spatial correlation R^y for the weakly compressible mixing layer. 
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Figure 17 Linear stochastic estimate of a roller structure for the weakly compressible 
mixing layer. 
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Abstract 

High-vector density planar velocity fields were obtained for an incompressible mixing 

layer using particle image velocimetry (PIV). The velocity ratio of the mixing layer was 0.575, 

and the density ratio was unity. At the location where the PIV images were obtained, 

Re, =1.8 X 10^, Reg =1.1 x 10^ and the pairing parameter was Rx/A, = 8. Preliminary hot- 

film measurements showed the mixing layer mean velocity and turbulence profiles to be self- 

similar at this location. The mixing layer was found to be largely two-dimensional with well- 

organized Brown-Roshko roller structures and braids. Measured velocity fluctuations and 

Reynolds shear stress data agree well with previous experimental results. High-resolution spatial 

correlation fields of velocity fluctuations were obtained. The R„-„, correlation is a horizontally 

oriented ellipse with a slight inclination from horizontal. The R^.^> correlation is a vertically 

oriented ellipse. Linear stochastic estimates of roller structures and braids were calculated from 

the correlation fields based on the deformation tensor. The linear stochastic estimate of a roller 

suggests that these structures are very slightly elliptical with a horizontal major axis. The linear 

stochastic estimate of a braid suggests that the braids are obliquely oriented with stagnation 

occurring at a point. 



Introduction 

A mixing layer (or shear layer) is formed by the interaction of two parallel streams of 

fluid of differing velocity. Mixing layers occur in many problems of engineering importance. 

The boundary region of a jet, the slip-stream behind a wing, and the interface between a 

recirculation region and a freestream are just a few examples. A typical geometry for a mixing 

layer is shown in Fig. 1. The subscript 1 is used to denote the properties of the high-speed 

stream, while the subscript 2 denotes the low-speed stream properties. 

Ideas concerning the mechanisms of mixing layer growth and fluid entrainment in 

turbulent mixing layers have changed a great deal over the years. In the 1950s and 1960s 

researchers^'^ imagined entrainment taking place by a process called "nibbling." In this 

hypothesis, a wavy interface exists between the turbulent fluid within the mixing layer and the 

irrotational fluid in the freestreams. This wavy surface advances into the freestream, thus 

expanding the mixing layer, by vorticity diffusion. This "nibbling" was believed to be uniform 

over the entire surface, resulting in the experimentally measured linear growth rate of turbulent 

mixing layers.'' This hypothesis was shown to be incorrect by flow visualization experiments in 

the early 1970s. 

In their seminal paper on turbulent mixing layers. Brown and Roshko'* found that mixing 

layer growth and fluid entrainment are dominated by large-scale turbulent structures. These 

large-scale structures resemble spanwise-oriented rollers that convect downstream at a speed 

approximately equal to the mean of the two freestream velocities. These structures cause the 

mixing layer to grow through two mechanisms. The first of these involves entrainment of 

freestream fluid into the roller structures, and can be described as "gulping." This process was 

first described by Roshko^ and later analyzed in greater detail by Dimotakis.^   Irrotational 



freestream fluid is drawn into the roller structures where, because of the large surface area of the 

interface between the irrotational and rotational fluid, vorticity can rapidly diffuse into the 

irrotational fluid, thus causing the mixing layer to grow. 

A second mechanism for the growth of the mixing layer is the interaction of two or more 

roller structures to form a single larger structure. This process is best understood if the life-cycle 

of roller structures is described. The rollers can be formed from instabilities that may exist in the 

mixing layer both prior to the transition to turbulence'"^ and after.^''° The initial spacing of the 

rollers is dependent on the frequency of the most dominant instabilities. This was shown when 

experimenters could vary the size and shape of the rollers by forcing the instabilities at various 

frequencies." As these structures convect downstream, occasionally two or more structures will 

combine to form a larger structure.'*''^ This interaction increases both the size of the structures as 

they convect downstream (thus, increasing the width of the mixing layer) and also the spacing 

between the remaining structures, which is proportional to the distance downstream from the 

origin. The structure spacing is proportional to the mixing layer thickness, with 

lc=2.96„ (1) 

as the generally accepted relationship."* 

Karasso and Mungal'^ were able to predict the downstream location of the first, second, 

third, etc. pairings based on a parameter first introduced by Huang and Ho''* called the pairing 

parameter. This parameter is defined as Rx/A,, where R = (l - r)/(l + r) and r = U2/U, is the 

velocity ratio. According to Karasso and Mungal, X, can be estimated as X. = 300;, where 9; is 

the momentum thickness of the high-speed boundary layer at separation from the splitter plate. 



Karasso and Mungal found that, generally, the first roller pairing occurs when Rx/A, = 4, the 

second roller pairing occurs when Rx/X, = 8, the third roller pairing occurs when Rx/X, = 16, 

and so on. It was after the third roller pairing that the mixing layer achieved self-similarity in the 

sense that the roll-off exponent of the power spectra of the velocity fluctuations reached a 

constant value. Karasso and Mungal also found that when the pairing parameter was greater than 

22, the probability density function of a passive scalar was transformed from a non-marching to 

marching type. The effectiveness of the pairing parameter in characterizing mixing layer 

behavior was further demonstrated in the experiments of Meyer et al.' 

At sufficiently high Reynolds numbers, the mixing layer will develop secondary 

streamwise vortices in addition to the large-scale spanwise roller structures. These secondary 

vortices appear as streamwise ribs in the braid region between roller structures'^ and originate 

from secondary instabilities in the large-scale rollers. These streamwise vortices lead to an 

increase in mixing as they increase the interfacial area between the relational fluid within the 

mixing layer and the irrotational fluid in the freestreams. Breidenihal' found that the onset of 

the formation of these three-dimensional streamwise vortices is delayed as the velocity ratio is 

increased. Breidenthal also observed that prior to this mixing layer transition, spanwise, sinuous 

"wiggles" can be observed in the mixing layer. Tung and Kleis'* observed "kinks" in the large 

spanwise vortices after the third roller structure pairing, and it was these kinks that eventually 

developed into streamwise vortices. 

Metcalfe et al.'^ performed a direct numerical simulation (DNS) for a temporally 

evolving mixing layer. The calculations were done on a 64 x 64 x 64 grid and were run over a 

long enough time to allow two complete vortex pairings to take place.   The calculations were 



performed with and without forcing and confirmed the experimentally verified result that forcing 

could vary the strength and spacing of the vortices. 

Moser and Rogers^°'^^ have performed the most ambitious direct numerical simulations 

of incompressible mixing layers to date. They used a spectral method consisting of 512 x 210 x 

192 Fourier modes to solve for the velocity field of a temporally evolving mixing layer. The 

calculations were begun by using a previously calculated turbulent boundary layer velocity field 

on each side of the mixing layer at time t = 0. The simulations were run long enough to allow 

for three vortex pairings to occur and thus provide detailed images of evolving roller structures at 

various stages. Comparisons of computed Reynolds stresses to experimental data are quite good, 

suggesting that the computational grid was indeed fine enough to capture all the scales of 

turbulence. 

Planar velocity measurements in incompressible mixing layers have been attempted in 

the past. Dimotakis et al.^^ used particle streak velocimetry to measure the velocity field in an 

incompressible mixing layer, but their technique led to irregularly and sparsely spaced vectors. 

Post et al.^"^ also performed particle tracking experiments, although the usefulness of their 

measurements is limited due to the high Stokes number (0.2) of the seed particles used. Oakley 

et al.^^ performed high-speed cinematic PIV experiments on incompressible mixing layers. 

Since their velocity fields were correlated in time, their analysis concentrated on the temporal 

evolution of the large-scale structures in the mixing layer. From their velocity vector fields, they 

were able to calculate temporal correlations, measure convective velocities of individual 

structures, and estimate structure lifetimes.   For the experiments of Oakley et al., Reg =2.6 x 

lO'*.   One of their findings was that the velocity field structure differed from previous lower 

Reynolds number experiments.  At their highest Reynolds number, the two-dimensional rollers 



and braids were replaced by complex three-dimensional structures (a phenomenon known as the 

mixing transition). The Reynolds number for the present experiment was much lower than that 

of Oakley et al., and thus the current measurements are for a mixing layer that is more two- 

dimensional in nature. 

The objective of the present mixing layer experiments was to obtain high-vector density 

planar velocity fields using particle image velocimetry (PIV) and then to analyze these fields to 

further the understanding of the large-scale structures found within. The high spatial resolution 

of these vector fields allows high-resolution spatial correlations of velocity fluctuations to be 

calculated. Furthermore, from these spatial correlations, linear stochastic estimates for roller 

structures and the braid regions between them can be calculated, providing information on roller 

structure size, shape, and orientation in a mean sense. Because calculation of the linear 

stochastic estimates requires differentiation of the spatial correlations, the high spatial resolution 

of the correlations is necessary to guarantee the accuracy of the linear stochastic estimates. 

Experimental Apparatus and Procedure 

The flow facility for these experiments is of the blowdown type with high-pressure air 

supplied by an IngersoU-Rand compressor, which provides up to 1200 SCFM at an operating 

pressure of 115 psig. The high-pressure air first flows into several interconnected pressure 

vessels with a total volume of about 150 m . After first passing through a control valve, the air 

from these vessels enters the test facility stagnation chamber. The flowrate to the test section is 

regulated by using the pressure in the stagnation chamber as a feedback signal to the control 

valve, which opens or closes as necessary to keep this pressure constant. 



Figure 2 is a schematic of the test section used in the mixing layer experiments. Separate 

pipes supply air for the top (high-speed) and bottom (low-speed) streams. The pipe to the 

bottom stream is fitted with a globe valve to allow for throttling. A combination of three screens 

and one sheet of honeycomb reduces the freestream turbulence intensities and provides uniform 

flow to each of the two streams. In each freestream, the flow is accelerated by a converging 

nozzle with a 6:1 contraction ratio. The two streams come together at the tip of the splitter plate, 

which has been machined such that it is only a few hundredths of a millimeter thick at its tip with 

a three-degree angle between the two streams. The test section is 63.5 mm high by 102 mm 

wide, and is 356 mm in length. Optical access to the test section is available through fused silica 

windows in all four walls of the facility. 

For the PIV measurements, it was necessary to seed the flow with particles. The seed 

particles must be small enough so that they can accurately follow the sharpest velocity gradients 

present in the flowfield, but must be large enough that they scatter sufficient light to expose the 

photographic film used in the PIV experiments. Titanium dioxide particles with an average 

diameter of 0.4 ^im were found to meet both of these criteria. 

An analysis of the dynamics of particles in compressible mixing layers was performed by 

Samimy and Lele, ^^ and their results were used to determine the effectiveness of the seed 

particles used in the present experiments. Samimy and Lele found that the important parameter 

p d^AU 
for measuring tracer particle effectiveness is the Stokes number, t, where T =   '' ''—.   For 

loM-o^, 

X < 0.05, the error in velocity measurements due to particle slip is negligible. For the present 

incompressible mixing layer experiments, T = 0.0036, and thus the titanium dioxide particles 

should closely follow the flow. 



A hot-film anemometry system was used to collect mean velocity and velocity fluctuation 

data at various locations in the test section. The velocities were measured with a TSI Model 

1210-20 hot-film probe interfaced to a TSI IFA-100 flow analyzer. The signal from the flow 

analyzer was sent to a computer where it was digitized by a National Instruments AT-MIO- 

16E10 data acquisition board. The velocity data were then recorded and analyzed using National 

Instruments Lab VIEW software. 

The particle image velocimeter used in these experiments consists of the acquisition 

system and the interrogation system. The acquisition system includes the lasers, beam-shaping 

optics, and 35 mm camera used to obtain the particle image photographs of the flowfield. The 

interrogation system is comprised of the CCD camera, light source, positioning system, control 

computer, and digital signal processors necessary to calculate vector fields from the PIV 

photographs. 

The lasers used in the acquisition system were a pair of Continuum YG681C-10 Nd:YAG 

lasers. The timing of the acquisition system is controlled by a Stanford Research Systems 

DG535 digital delay pulse generator. The pulse generator triggers each of the lasers at 4 Hz, and 

allows the user to control the time separation between the firing of the lasers, as well as 

coordinate the firing of the lasers with the operation of the camera. A small uncertainty in the 

time separation in the firing of the two lasers is present due to the pulse jitter of each laser, which 

is approximately 1 ns. A time separation of 6700 ns was used in these experiments, resulting in 

an uncertainty of less than ±0.04% due to pulse jitter. 

The PIV photographs were obtained using a Canon EOS 35 mm camera fitted with a 100 

mm focal length lens.   This lens has a maximum f* of 2.8.   However, the lens aperture was 



partially closed for the mixing layer experiments, resulting in an f* of 6.7. Kodak T-Max 100 

film was used for all the PIV photographs. 

After the PIV photos were obtained by the acquisition system, the velocity vector fields 

were calculated by the interrogation system. The photographic negative is placed in a glass 

sandwich, and a small region of it is illuminated by a fiber optic white light source which is 

focused onto a CCD camera. A two-axis positioner controls the position of the negative, 

allowing different regions of the flowfield recorded on the photographic negative to be imaged. 

A frame grabber residing within the host computer digitizes the image, and the digitized image is 

then sent to a digital signal processing (DSP) board. The DSP board performs a cross-correlation 

analysis on the digitized image to find the velocity vector at each interrogation spot. 

In a detailed study of interrogation accuracy, Prasad et al.^^ found that when particle 

images are well resolved during digitization, the uncertainty of the measurement is roughly equal 

to one-tenth of the particle image diameter. A particle image is considered to be well resolved 

when the ratio of the particle image diameter to the size of a CCD pixel when projected back 

onto a photograph is at least d^/dpj^ = 4. 

For the PIV photographs in the present experiment, the particle diameter is 40 |im (the 

diffraction-limited spot size), and each 128 pixel x 128 pixel interrogation spot is 800 |xm x 

800 |im. Thus, d^,^ = 6.25 )i.m, and the particle images are well resolved (d^/dpj^ = 6.4). The 

measurement uncertainty can thus be approximated by one-tenth of the particle diffraction- 

limited spot size, which is 4 p,m. The bottom freestream velocity corresponds to a displacement 

of 162 |J,m, and the top freestream velocity corresponds to a displacement of 281 \Lm. Thus, the 

experimental uncertainty is 2.5% and 1.4% for the top and bottom streams, respectively. 
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Experimental Results and Discussion 

For these mixing layer experiments, the high-speed stream was set to 40 m/s, and the 

low-speed stream was set to 23 m/s, corresponding to a velocity ratio of r = U2/ui =0.575. 

This velocity ratio was chosen because it corresponds to a mixing layer thick enough that a large 

number of velocity vectors could be measured across the thickness using PIV, but not so thick 

that the mixing layer grew into the top and bottom walls of the wind tunnel. These freestream 

velocities were measured using a pitot-static pressure probe and an oil-column manometer (as 

well as a hot-film anemometer and PIV). Since both streams are relatively low-speed air at 

approximately atmospheric conditions, the density ratio is unity, s = Pj/p, =1 (corresponding to 

a homogeneous mixing layer). 

Hot-Film Anemometrv Results 

Velocity measurements were first obtained with the hot-film anemometer to characterize 

the incoming top- and bottom-stream boundary layers and also the mixing layer at the PIV 

measurement location. First, boundary-layer measurements were obtained 15 mm upstream 

from the tip of the splitter plate in both the top and bottom streams. For each location, the hot- 

film data consist of an ensemble of 16,384 realizations collected at 10,000 Hz. The data signal 

was low-pass filtered at 5000 Hz by the signal conditioner in the IFA-100 so that no aliasing 

occurred. 

Defining the edge of the boundary layer as the location where the mean velocity is 99% 

of the freestream, the thickness of the top boundary layer is approximately 1.26 mm, and the 

momentum thickness is 0.16 mm. The displacement thickness, 6*, is about 0.39 mm resulting in 
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a shape factor of H = b'/Q = 2.4. The peak turbulence intensity in the top boundary layer is 

about 5.5%, and the turbulence intensity of the high-speed (top) stream is less than 0.5%. 

The bottom-stream boundary layer is thicker than the top-stream boundary layer. Again, 

defining the edge of the boundary layer as the location where the mean velocity is 99% of the 

freestream value, the thickness of the lower boundary layer is approximately 3.61 mm, and the 

momentum thickness is 0.31 mm. The displacement thickness is 0.40 mm, resulting in a shape 

factor of H = 6*/0 = 1.3. The peak turbulence intensity is about 10% in the bottom-stream 

boundary layer, and the freestream turbulence is about 0.8%. 

In addition to the mean and fluctuating velocity measurements, velocity power spectra 

were also measured in both the top and bottom freestreams and the top and bottom boundary 

layers. For the power spectra measurements, the hot-film data consist of 32,768 points collected 

at 40,000 Hz. The signal was low-pass filtered at 20,000 Hz to eliminate any aliasing effects. 

An ensemble of 100 spectra was obtained at each location, and these were then averaged. The 

boundary-layer measurements were obtained 0.5 mm above or below the splitter plate, while the 

freestream measurements were obtained 13 mm from the splitter plate. All these measurements 

were obtained 15 mm upstream of the splitter-plate tip. All the spectra are very smooth with no 

indication of any spikes in the spectra that would indicate forcing at a specific frequency due to 

periodic vortex shedding or some other forcing, such as acoustical or resonance effects in the 

facility. 

Finally, hot-film traverses of the mixing layer were made at locations 130 mm, 155 mm, 

and 180 mm downstream of the tip of the splitter plate to investigate if the mixing layer had 

achieved self-similarity. As in the boundary-layer traverses, the mixing layer data at each spatial 

location consist of an ensemble of 16,384 realizations collected at 10,000 Hz.  The data signal 
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was once again low-pass filtered at 5000 Hz to eliminate aliasing. These traverses indicated that 

the mixing layer had achieved self-similarity in both the mean velocity and turbulence intensity 

at all locations downstream of x = 130 mm. 

Particle Image Velocimetrv Results 

An ensemble of 111 PIV velocity vector fields was obtained at a location 150 mm 

downstream of the splitter plate tip. At this location, the Reynolds numbers based on distance 

from the splitter-plate tip and local mixing layer vorticity thickness are Re^ =1.8 x 10^ and 

Rcg^ =1.1 X lO'^, respectively.   For this Rcg^, the large-scale roller structures present in the 

mixing layer should be highly two-dimensional and coherent; indeed, the PIV results presented 

herein show this to be the case. As was done by Karasso and Mungal,'^ the momentum 

thickness of the high-speed boundary layer was used in calculating the pairing parameter, which 

at this location is computed to be Rx/X = 8. Since Rx/X = 8 corresponds to the approximate 

location of the second roller pairing,^^ a great deal of roller-structure interaction can be expected 

in the PIV velocity vector fields of the current results. 

In the velocity vector fields presented here, an interrogation spot size of 0.8 mm on a side 

was used, and with 50% overlap between adjacent interrogation spots, this results in a spatial 

resolution of 0.4 mm in both the x- and y- directions. Each of these vector fields measured 110 

vectors in the x-direction and 120 vectors in the y-direction (or 44 mm in the x-direction by 

48 mm in the y-direction) for a total of 13,200 vectors, with the vector field centered 

approximately at the y-direction (transverse) center of the mixing layer. 
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Instantaneous Velocity Fields 

A typical velocity vector field for the incompressible mixing layer is shown in Fig. 3. In 

this vector field the large-structure convective velocity of 31.5 m/s (average of the mean 

freestream velocities) has been subtracted from each of the vectors. This is necessary to clearly 

visualize the turbulent structures in the mixing layer. Also, in this field, every measured vector 

has been plotted, resulting in a spatial resolution of 0.4 mm. The velocity field shown in Fig. 3 

contains two large Brown-Roshko roller structures, on at x = 158 mm and one at x = 183 mm, 

with a braid (or stagnation region) between them at x = 170 mm. These two roller structures do 

not appear to be interacting with each other. As a reminder, the coordinate system used in this 

figure is such that the tip of the splitter plate is at the origin (0,0). It can thus be seen that, since 

the centers of the roller structures are at approximately y = -7 mm, the mixing layer grows 

towards the low-speed stream, which is the expected result.^ Also, the vectors in the top 

freestream are pointed towards the mixing layer (a characteristic made more pronounced by the 

subtraction of the convective velocity), showing the entrainment of freestream fluid into the 

mixing layer. The vectors in the bottom freestream point only slightly towards the mixing layer, 

suggesting that entrainment of fluid into the mixing layer is greater on the high-speed side than 

on the low-speed side, another expected result based on previous mixing layer research.^ 

Figure 3 shows one typical result for these experiments, namely a vector field with two 

roller structures and one braid. Another common result in the ensemble is a vector field 

containing one roller structure and two braids. These two situations make up the vast majority of 

vector fields in the current ensemble, comprising over 80 percent of the realizations. This is 

because the mean spacing of the roller structures at the downstream location where the PIV 

photographs were obtained makes these flow-structure groupings most likely. In this 80 percent 
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majority of the vector fields, the large-scale structures are all of nearly the same size and similar 

spacing. 

Mean Velocities and Reynolds Stresses 

Although the number of planar velocity fields in the ensemble is relatively small, a 

method was devised to obtain more reliable statistics from the PIV vector fields. This was done 

by collapsing each of the 110 columns of velocity vectors in each realization into a single 

column and thus forming mean velocity and Reynolds stress profiles. Even though the two- 

dimensionality of the planar velocity information was lost, this method increased the size of the 

ensemble to 12,210 realizations at each transverse (y) location, resulting in more stable statistical 

quantities. Even though this procedure is justified in the sense that all measurements are made in 

the self-similar region, it is emphasized that these were not 12,210 independent realizations. In 

this experiment, neighboring vectors (indeed, vectors in large areas of the flowfield) are obtained 

from the same large structures, and thus are not truly independent. Therefore the statistical 

profiles presented here are obtained at high data density, but are averaged over a relatively 

limited number (about double the number of images) of large structures. Also, this technique 

does introduce some error because the mixing layer grows as it moves downstream, and thus is 

slightly thicker on the right edge of the vector field than the left. The growth rate is small, 

however, and thus, its effect is also small. 

The mean u-velocity profile as obtained by PIV is shown in Fig. 4. It has the same error- 

function shape as predicted by the analytical solution of Gortler.^^ The y-axis has been 

normalized by the mixing layer vorticity thickness.    This normalization of the transverse 
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coordinate is used in each of the PIV profile plots. The location y^ is defined as the point where 

the mean u-velocity is equal to the average of the top and bottom freestream velocities. 

The mean v-velocity profile is shown in Fig. 5. The mean v-velocity is seen to decrease 

(become more negative) with increasing positive distance from the center of the mixing layer, 

reaching a peak value 1.0 mixing layer thicknesses from the center. Similarly, the mean v- 

velocity increases moving away from the center of the mixing layer towards the low-speed 

stream, reaching a peak value 0.6 mixing layer thicknesses from the center. The peak negative 

and positive values of the mean v-velocity in the top and bottom freestrcams, respectively, are 

indicative of the asymmetric entrainment of fluid into the mixing layer from each of the 

freestreams. 

Reynolds stress profiles normalized by (AU) , as obtained b>' PIV. are shown in Fig. 6. 

Both of the Reynolds normal stresses, (u u') and (v'v'), are seen to peak near the center of the 

mixing layer and decay to smaller values as one moves towards the freestreams. The Reynolds 

shear stress (uV) behaves similarly, although its values are negative, as expected.  Generally, 

the turbulence intensities  (U')/AU   and (V')/AU  (square root of the normal stresses) are 

presented in the literature instead of the dimensionless normal stresses. Peak values of these, as 

well as the peak Reynolds shear stress, are shown in Table 1, along uith results from previous 

experiments. Although there is some variation in the peak stresses found by the various 

researchers, in each experiment (that measured both) the peak value of (U')/AU was greater that 

the peak value of (V')/AU .  This characteristic is also seen in the present PIV results.  For the 

present experiment, the peak value of (V')/AU   is slightly higher than  in the previous 

experiments, but the peak value of (U')/AU agrees well with previous measurements. The peak 
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value of (U'V')/(AU)^   is also in close agreement with previous work.  The result for (V')/AU 

may merely be a consequence of the facility and Reynolds number used in the present 

experiment. Indeed, Dziomba and Fiedler determined that even very weak perturbations 

caused by conditions in the wind tunnel (not forced perturbations) could affect the characteristics 

of the mixing layer formed. This effect is more pronounced when the incoming boundary layers 

are turbulent. The relatively low Reynolds number of the current experiment may also result in a 

more "two-dimensional" turbulence field and better organization of the large structures than for 

experiments at higher Reynolds numbers. 

Spatial Correlations 

The instantaneous nature of the PIV velocity vector fields facilitates the computation of 

spatial correlations of velocity fluctuations. First, spatial correlations were calculated for six 

points in each vector field. Each of these basis points was on the transverse centerline of the 

mixing layer (defined as the location where the mean u-velocity is the average of the velocities 

of the top and bottom freestreams), and the points were spaced evenly in the x-direction. For 

each of the points, the spatial correlation was calculated as 

(u;(x,y)u;(x,y;X,Y)> = u;(x,y)u;(x + X,y + Y) (2) 

where (x, y) are the coordinates of the basis point, and (X, Y) are the displacements from the 

basis points. For these calculations, the area over which the spatial correlations are calculated is 

a square of 81 vectors by 81 vectors centered on the basis points. The ensemble average of the 
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spatial correlations for all of the basis points (666 realizations in all) is then calculated and 

normalized by J(u[^(x,y)Vuj^(x,yn resulting in 

, ^ „v   (u:(x.y)a-(x,y;X,Y)) 

The spatial correlation R„.„. as measured by PIV is shown in Fig. 7. The correlation field 

is an ellipse with the major axis inclined at a small angle with respect to the x-direction. This 

shape is expected for a mixing layer dominated by large roller structures and braids. Consider, 

for example, the instantaneous velocity field shown in Fig. 3. Along the mixing layer centerline 

(the line along which the mean u-velocity is the average of the two freestreams, which extends 

from y = -3.4 mm on the left edge of the velocity vector field to y = -4.2 ram on the right edge), 

the u-velocity varies very slowly because each individual large-scale structure convects 

downstream with a nearly constant  u-velocity.   The R„<„. correlation thus remains high over 

long distances in the x-direction. There is not a corresponding long correlation distance in the y- 

direction, however. Along a line of constant x, there are differing fluctuations around the mean 

u-velocity as the y-location is varied. Thus, R„-„. drops off quickly in the y-direction. 

Measurements of R^-^- by Tung^° using hot-wire anemometry indicated the same tilted 

elliptical shape as in Fig. 7. However, the correlation fell off faster with increasing displacement 

from the basis points in his measurements than in the current PIV measurements. This difference 

most probably arises from the fact that Tung's measurements were obtained at a higher local 

Reynolds number, Rcj  =4.7 x 10'', compared to Re^  =1.1 x lO'* for the PIV measurements. 
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Recall that above Reg^ = 2 x 10'*, the mixing layer becomes highly three-dimensional (mixing 

transition), and the large-scale structures become less coherent than at lower Reynolds numbers. 

Since the Reynolds number for Tung's experiment falls far above Reg  = 2 x lO'*, the large-scale 

structures in his experiment are expected to be less coherent than those examined here, resulting 

in smaller values of the correlation function. Oakley et al.^^ also reported measurements of R^-^- 

from their PIV measurements. The correlations that they measured had a tilted elliptical shape 

and also decayed faster than in the present experiment. However, as with Tung, their 

measurements were also for a mixing layer that had undergone the mixing transition. 

One significant difference between the correlation fields presented here and the 

measurements of Tung is in spatial resolution. Whereas the spatial resolution of the present 

correlation fields consists of measurements at over 6400 locations, Tung's hot-wire 

measurements were made at less than 30 locations. This improved spatial resolution is essential 

for calculating linear stochastic estimates because the method used here to calculate those 

estimates requires differentiating the correlation fields. Thus, the greater spatial resolution of the 

present results reduces any errors introduced by differentiation. Indeed, calculating linear 

stochastic estimates from Tung's data would require a great deal of interpolation or curve fitting 

to the data points, and would yield unreliable results. 

The spatial correlation function R^y as measured by PIV is shown in Fig. 8.   This 

correlation field is a vertically oriented ellipse. Once again, this is the expected shape 

considering the manner in which the mixing layer is dominated by rollers and braids; Fig. 3 can 

be used to demonstrate why this is so. Along the mixing layer transverse centerline, the mean v- 

velocity is nearly zero. However, moving along the same line in Fig. 3, great variation in the 

instantaneous value of v (i.e., essentially   v') is seen.    It is this rapid variation in the 
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corresponding v-velocity fluctuations that leads to short correlation distances in the x-direction. 

Along a line of constant x, however, just the opposite is seen to be true; regardless of which line 

of constant x is chosen, there is little variation in the v-velocity fluctuation. This relative 

consistency of v-velocity fluctuations in the y-direction leads to the long correlation distances in 

the y-direction for the R^y correlation function. 

Figure 8 also shows that at x-distances of approximately 1.2 vorticity thicknesses from 

the basis points, the correlation function becomes negatively correlated. The cause of this can be 

seen in Fig. 3. Consider the braid located at x = 170 mm. To the left of the braid is a large 

region where the velocity vectors all have negative v-velocity. Similarly, there is a region to the 

right of the braid where the velocity vectors all have positive v-velocity. These two regions 

therefore have negatively correlated v-fluctuations. It is regions such as these that are 

responsible for the negatively correlated regions in the R^y correlation function. 

The R^.^. correlation as measured in this experiment is found to be very similar to R^,v 

as measured in the hot-wire experiment of Tung,^° the major difference being that the correlation 

function measured by Tung is smaller than that measured in the present experiment. Once again, 

this is a result of the larger Reynolds number in Tung's experiment. 

Finally, Fig. 9 is the spatial correlation function R„y as measured by PIV. Comparison 

of this correlation with the measurements of Tung is not as easy as for the previously discussed 

correlations. The two correlation functions are similar in that each has a peak value of 0.46 at 

the origin. However, Tung measured a correlation field that was approximately symmetrical 

about the origin, whereas the correlation field measured by PIV is not. The correlation contours 

in the PIV results of Fig. 9 suggest a tilted elliptical shape for the R„y correlation field, while 

the contours drawn by Tung from his hot-wire measurements at a limited number of spatial 
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locations are more rectangular in shape. The correlation field measured by Tung was also found 

to decay more rapidly than in the present experiment, as is expected, considering once again the 

higher Reynolds number in the experiments of Tung. 

Linear Stochastic Estimation 

It is possible to calculate conditional velocity fields directly from the spatial correlations 

using linear stochastic estimation.^^'^^ By properly defining the conditions corresponding to a 

specific large-scale structure, the velocity field representing that structure based on the spatial 

correlations can be calculated. This was done for the present mixing layer by choosing 

conditions representative of both a roller structure and a braid. 

Generally, a stochastic estimation is based on a velocity fluctuation at some location as 

the conditional event. Unfortunately, this type of estimate is not sufficient to obtain velocity 

fields for rollers and braids in mixing layers. At the center of a roller structure, the velocity 

fluctuations are zero, and at the center of a braid the velocity fluctuations are also zero, so that 

such an estimate will yield the same conditional velocity field for both a roller and a braid, since 

the event upon which both estimates are based will have been identical. Instead, a different 

conditional event is necessary to obtain stochastic estimates of roller and braid structures. 

An investigation of instantaneous vorticity and shear strain fields revealed that rollers 

correspond to negative peaks in shear strain and braids correspond to negative peaks in vorticity. 

It would therefore seem that a linear stochastic estimate for a mixing layer should incorporate 

this information. Thus, the linear stochastic estimates presented here are based on the local 

deformation at location x„ and are given by 
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(u;(x)|£ly(xJ) = A,(x)+By,(x)dj,(xJ (4) 

where d^^. is the deformation tensor. The coefficients Aj (x) and B^^ (x) are then calculated by 

minimizing the mean square error of the estimate. This yields the result 

Ai(x) = 0 (5) 

and 

(u j.k (x„ )u,.„ (x„ ))Bp (x) = R„;„. _^ (6) 

which is a set of eight equations (i, 1, m = 1,2) that can be solved to obtain By,, (x). Then, using a 

given value for the deformation tensor at location x„, Eqn. (4) can be used to find the linear 

stochastic estimate of the velocity field. 

First, several instantaneous vector fields were analyzed to find typical deformation tensor 

values at the centers of both roller structures and braids. These values were then used to 

calculate the linear stochastic estimates of rollers and braids for the mixing layer. The linear 

stochastic estimate for a roller structure is shown in Fig. 10. This estimate of a roller is seen to 

be very slightly elliptical with an approximately horizontal major axis. This shape is very similar 

to the roller structure shapes found by Moser and Rogers^' in their direct numerical simulations. 

Also, braids can be seen to the left and right of the roller structure at about x = ±1.35^,, which 

agrees well with the generally accepted value of x = ±1.456^.'* The linear stochastic estimate 

calculated here is expected to slightly underestimate the average roller spacing because the 
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limited field of view of the PIV vector fields (done to obtain high spatial resolution) biases 

roller-structure spacing measurements towards smaller values. 

Similarly, by using deformation tensor values typical of a braid structure, the linear 

stochastic estimate of a braid was calculated. The result is shown in Fig. 11. The braid can be 

seen at the center of the velocity vector field with roller structures to the right and left again 

centered at about x = ±1.36^,. The linear stochastic estimate of the braid is obliquely oriented 

with stagnation occurring at a point. A similar braid shape was observed in the direct numerical 

simulations of Moser and Rogers^' and also in the PLIF experiments of Meyer et al.*^ 

The stochastic estimates prove valuable in comparing the sizes and shapes of large-scale 

structures in different experiments to determine the effects of varying such experimental 

parameters as Reynolds number and compressibility (convective Mach number), or in 

determining the effect of forcing on the structures. The stochastic estimaie can be interpreted as 

depicting what a "typical" or "average" structure looks like in the flow, based in this case on the 

velocity field, and yields a more reliable comparison than comparing structures from individual 

realizations. To the authors' knowledge, this work represents the first stochastic estimates in a 

mixing layer based on the deformation tensor. 

Conclusions 

The incompressible mixing layer that was investigated was a homogeneous case 

(s = P2/P1 = 1) with a velocity ratio of r = Uj/u, = 0.575. Preliminary hot-film measurements 

indicated that 150 mm downstream of the tip of the splitter plate, the location where the PIV 

photographs were obtained, the mixing layer was self-similar in terms of the mean and 
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fluctuating velocity profiles. At this location, Re, =1.8 x 10^ Rcg^ =1.1 x 10"*, and the pairing 

parameter was Rx/^ = 8. 

An ensemble of 111 high-vector density PIV velocity fields was obtained for this mixing 

layer. The ensemble of velocity vector fields was used to calculate the ensemble-averaged mean 

velocity and Reynolds normal and shear stress profiles. To increase the number of realizations in 

the ensemble, and thus yield more reliable statistics, the PIV data were condensed into a single 

column. The peak values of (U')/AU , (V')/AU, and (u V')/(AU)^ were found to be 0.18, 0.16, 

and -0.010, respectively. These agree well with the results of previous hot-film experiments. 

The planar velocity data were also used to calculate the spatial correlation fields of 

velocity fluctuations.  The R„-„, correlation is elliptical with the major axis slightly inclined to 

the horizontal (streamwise) direction; the R^-^. correlation is also an ellipse with a vertical 

(transverse) major axis.    The  R„y   correlation is somewhat noisier than the other two 

correlations, but appears to be elliptical and inclined to the streamwise direction with a peak 

value of 0.46 at the origin with lower values away from the origin. These correlations are similar 

in shape to those found by Tung using hot-wire anemometry, with the major differences being 

that Tung's correlations were smaller in size and the spatial resolution of the present results is far 

better. The difference in size of the correlation fields is easily explained by considering that 

Tung performed his experiments at a much higher Reynolds number than the present 

experiments. Thus, increasing Reynolds number appears to affect the size but not the shape of 

the correlation fields, and thus, the large-scale structures in incompressible mixing layers. 

Finally, linear stochastic estimation was used to calculate conditional structures.   The 

linear stochastic estimate was based on the deformation tensor, with typical values of the 
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deformation tensor for rollers and braids used in the calculations. The linear stochastic estimate 

of a roller structure is very slightly elliptical with a horizontal major axis. The linear stochastic 

estimate of a braid was found to be obliquely oriented with stagnation occurring at a point. 

Determining conditional velocity fields in a mixing layer is not a trivial task, because of 

complications arising from the fact that structures may be moving at different convective 

velocities. Because the linear stochastic estimates developed here based on the deformation 

tensor are not affected by this variation, however, they prove to be an effective technique for 

deducing conditional structure. 
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Table 1 Comparison of peak turbulence quantities for incompressible mixing layer experiments. 

Experiment Re, Reg {u'>/AU (v')/AU {u'v')/(AU)^ 

Present 1.8 X 10^ 1.1 X lO'* 0.18 0.16 0.010 

Tung^° 2.0 X 10^ 4.5 X lO'* 0.16 0.14 0.011 

Spencer^^ 2.6 X 10^ — 0.19 — — 

Batt^^ 7.0 X 10^ — 0.17 — — 

Wygnanski and Fielder^^ 4.7 X 10^ 6.0 xlO'^ 0.18 0.15 0.010 

Browand and Latigo^^ 1.8x10^ 2.1 X 10^ 0.16 0.13 0.013 
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Figure 1 Schematic of a mixing layer. 
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Figure 3 A typical incompressible mixing layer velocity vector field. Spatial 
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Figure 7  Spatial correlation R^v as measured by PIV. 
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Abstract 

The turbulent structures in the highly compressible near-wake region of a cylindrical 

base, to which an axisymmetric sub-boundary layer strip disturbance has been applied, are 

examined in detail using a planar Rayleigh/Mie scattering visualization technique. When the 

downstream edge of the axisymmetric disturbance is placed approximately 12 momentum 

thicknesses upstream of the base termination, a base pressure increase of approximately 3 

percent is noted over the no-tab case. Analysis of the large-scale turbulent structure 

visualizations indicates that, near the base, low-order axisymmetric and helical disturbances are 

present in the developing shear layer. As the shear layer travels downstream of the base, the 

prominence of these disturbances is quickly diminished, due to the high convective Mach 

number (1.3) associated with the shear layer near the base. The increased base pressure due to 

the presence of the axisymmetric disturbance is attributed to the transfer of turbulent energy into 

instability modes that are not supported in the near-wake region. 



1.   Introduction 

The idea of modifying the trailing edge of splitter plates, nozzles, or afterbodies to alter 

the near-field mixing characteristics is not a new one. For instance, macroscopic point 

disturbances or tabs which extend far into the flow, " obstacles placed downstream,' afterbody 

boatlailing,'' and base bleed, ventilation, and base cavities' have all been employed with varying 

degrees of success. The presence of macroscopic obstacles can severely limit and/or alter the 

capabilities of a system. Drag-reducing mechanisms, such as afterbody boattailing or base bleed, 

also lead to significant alterations to a system's geometry and performance. The current study 

concentrates on a different type of drag- and mixing-altering mechanism, sub-boundary layer 

disturbances, that can significantly alter the mixing characteristics of the base region of a 

separated flow without severely altering the afterbody/base geometry. 

In the past, delta-shaped sub-boundary layer disturbances have been implemented to 

enhance mixing in compressible planar shear layer,* nozzle,' and base flowfields.* These studies 

show that sub-boundary ja^er disturbance can potentially alter the evolution of a shear flow 

through the introducticjn of vorticitv Into the boundary layer prior to separation. It is even 

demonstrated that the vohicity generated from these structures will survive passage through the 

expansion fan present at the base comer separation point* even though much of the organized 

turbulence present in the boundary layer is disrupted by the process.' 

Strip disturbances have been introduced onto the trailing edge of splitter plates to 

introduce spanwise vorticity into a developing shear flow, thereby altering the mixing 

characteristics.* Introducing spanwise vorticity into compressible shear flows has proven to be 

relatively ineffective in improving the mixing characteristics of such flows, and actually reduces 

the shear layer thickness and growth rate in some cases.*  Arnette et al}^ attributed this to the 



inability of the compressible shear layer to amplify two-dimensional disturbances at large 

convective Mach number. It was also noted that the proximity of the two-dimensional 

disturbance to the edge of the spUtter plate had a significant effect on the performance of any 

introduced disturbance. The work of Smith and Smits,*' on a Mach 2.9 boxmdary layer 

successively distorted by a 20° conqjression and a 20° expansion, also suggests that a strip 

disturbance does not enhance mixing. Their study showed that, although the mean velocity 

profile had recovered by their last measurement position, approximately 205o downstream of the 

initial distortion, the Reynolds stresses were still decaying in the interior portion of the boundary 

layer. 

Although strip disturbances have proven ineffective in enhancing mixing in compressible 

shear flows, there is still a benefit to examining their use in base flows. When examining base 

flows, decreasing mixing (and thus increasing base pressure) without dramatically altering the 

afterbody can prove to have a large benefit. As Smith and Smits" demonstrated, multiple 

distortions of the boundary layer can lead to significant, quantifiable changes in the organization 

of the turbulent structures present in the boundary layer. Therefore, examining the effect that 

strip disturbances have on the evolution of turbulent structures present in the near wake can lead 

to improvements in passive and active control of compressible base flows. 

Figure 1 presents a schematic of the unaltered near-wake flowfield of a supersonic base 

flow. The primary features of the near-wake region include an expansion fan emanating from 

the base comer separation point, compression waves that form as the outer flow approaches the 

synmietry axis, and a relatively strong recirculation region created by the low-momentum fluid 

in the base region that does not possess enough momentum to pass through the adverse pressure 

gradient formed by the recompression shock system. The turbulent structures examined in this 



study exist in the shear layer between the outer flow and recirculation or wake-core regions. 

These turbulent structures initiate the interaction between the recirculating fluid in the base 

region and the outer flow and thus control entrainment and mixing in the base region. 

It is of critical unportance to gain a more comprehensive understanding of the large-scale 

turbulent structures that dominate the developing wake region of compressible base flows. The 

role of the large-scale turbulent structures in the base region is particularly difficult to quantify 

because of the mteraction that these structures have with other features of the flowfield, such as 

the expansion fan emanating from the base comer, and the compression waves that form as the 

shear layer approaches the axis of symmetry. These features introduce 'extra' strain rates'^ to 

the flowfield, whose effects on the turbulence are nonlinearly coupled, and thus are difficult to 

predict. 

Most experimental studies of base flows have reUed on point-wise measurement methods, 

such as laser Doppler velocimetry (LDV), to determine the turbulence statistics of the base 

region. Point-wise measurement techniques, while providing vital statistics, only capture the 

effect of the passage of large-scale tvirbulent structures and not the macroscopic nature of the 

structures themselves. Because of this shortcoming, our vmderstanding of turbulence in 

compressible base flows is limited. In addition, more sophisticated turbulence models are 

necessary to truly capture the nature of compressible base flows in numerical computations, and 

without experimental data that illuminate the features of the large-scale turbulence, the physics 

of such models will likely be flawed. By studying drag-altering mechanisms, such as the strip 

disturbances of the current study, the role that large-scale turbulent structures play in determining 

the flowfield properties of the base region, such as the base pressure, mean velocity, and 

turbulence statistics, can be determined. 



It is the objective of this study to provide such information through the use of planar 

visualization techniques. The effect of adding spanwise vorticity to the near-wake flowfield is 

observed here using a passive scalar Mie scattering planar visualization technique and is 

quantified using image averaging, spatial correlation analysis, and steadiness and shape factor 

analyses. These image-analysis techniques have been applied in planar'^ and axisymmetric''*"'^ 

supersonic, compressible base flows without disturbances, and yield a great deal of information 

about the evolution of the turbulent structures present in the near wake. 

2.   Facilities and Equipment 

The axisymmetric, supersonic base-flow facility in the University of Illinois Gas Dynamics 

Laboratory was employed in this study. This is a blowdown-type wind tunnel, with compressed 

air supplied to the plenum chamber from an array of storage tanks, which are filled by an 

Ingersoll-Rand compressor. The base model is supported by a 63.5-mm diameter sting, which 

extends through the facility's supersonic converging-diverging nozzle. The freestream flow 

prior to separation from the base model is at a Mach number of 2.46, with a unit Reynolds 

number of 52x10^ m'*, at typical stagnation conditions of ?«= 368 kPa and To= 300 K. The 

turbulent boundary layer thickness on the sting/afterbody just prior to separation has been 

measured to be 3.2 mm.'^ 

The surface disturbances were formed in this study by application of pieces of adhesive 

shipping label to the sur&ce of a blunt-based afterbody; see Fig. 2. Disturbances as small as 

1/12 of the velocity deficit thickness have been foimd sufficient to produce asymmetries in 

overexpanded and ideally expanded jets.** In our fecility, this translates to a disturbance 

thickness of approximately 0.1 mm,'^ the approximate thickness of the shipping label material. 



The disturbance thickness was altered by applying multiple layers of the labeling material. 

Because a large variety of tab configurations was examined, easy application and removal of the 

surface disturbances, as well as the cost of the disturbances, were key issues in choosing the tab 

material. 

For imaging data acquisition, the planar Rayleigh/Mie scattering technique was 

implemented in this study. In the past, this method has proved invaluable in visualizing and 

quantifying the turbulence structure of compressible shear flows.*- "• '*■ ^""^ Liquid ethanol is 

injected into the carrier air approximately 1.5 meters upstream of the plenum chamber. The 

ethanol quickly evaporates as it is carried into the plenum. As the ethanol and carrier air are 

accelerated supersonically, the rapid expansion causes the vapor to condense into a fine mist, 

with a mean droplet diameter of approximately 0.05 ^im." This condensation occurs at 

thermodynamic conditions that correspond to a Mach number of approximately imity;^^ 

therefore, the interfece between the supersonic outer flow and subsonic inner flow (recirculation 

or wake-core regions) is marked. A thin laser sheet, generated by a Nd:YAG laser, producing 

approximately 400 mJ per pulse at a frequency-doubled wavelength of 532 nm and with an 8 ns 

pulse width, illuminates the mist; see Fig. 3. A 14-bit, back-illuminated, unintensified 

Photometries CCD camera is used to image the illuminated droplets. 

3.   Results and Discussion 

Imaging positions have been chosen to correspond with key features in the flowfield. It 

is assumed that the locations of the mean reattachment point and the recompression shock system 

are approximately the same as for the blunt-based flowfield. The imaging locations are 

described in Table 1 and sketched in Fig. 4. Positions A and B correspond to the free shear layer 



region of the flow, where pressure and extra strain rate effects arc negligible. Position C is 

located in the center of the recompression region, where the outer ilow begins to align itself with 

the symmetry axis. Position D is located at the mean reattachment point for the blunt-based case, 

and position E is in the developing wake region of the flow. The local convective Mach number 

of the shear layer, mean enclosed end-view area, and angle of the shear layer with respect to the 

symmetry axis are given for each imaging location in Table 1. 

As mentioned previously, the strip disturbance (Fig. 2) has been documented as not only 

being less effective at promoting mixing in planar shear layers, but actually decreases mixing in 

some cases.^ It has also been noted that the proximity of the disturbance to the splitter plate tip 

can significantly alter the mixing benefit or detriment of the disturbance generator.* Velocity 

measurements in supersonic boundary layers subject to multiple distortions show that, 

downstream of such disturbances, the Reynolds stresses do not recover in the irmer portion of the 

boundary layer for at least 205." Therefore, the true benefit of the strip tab could possibly be to 

decrease mixing, and thus increase base pressure (reduce base drag) instead of increasing 

mijSng. 

With this motivation, base-pressure data were acquired to quantify the effect that strip 

disturbances have on the drag characteristics of axisymmetric compressible reattaching flows. 

Three tab geometries were chosen: a single 12-mm wide tab, a single 6-mm wide tab, and a 

double tab, consisting of two 6-mm wide tabs separated by 6 mm. The proximity of the trailing 

edge of the tab system to the base comer was varied fi-om 0 to 25 mm. For all cases, the tabs 

were 0.5 mm thick. The results of the base pressure measurements as a function of tab position 



arc shown in Fig. 5. All three cases demonstrate a base pressure maximum for a tab placement 

approximately 12 mm upstream of the base corner. The 12-mm wide single tab (Case A) 

produces a slightly higher base pressure than the 6-mm wide single tab (Case B). and the dual- 

tab configuration (Case C) slightly outperforms either single-tab configuration. The optimal 

benefit of the strip disturbance for the.se thicknesses, widths, and tab placement can lead to a base 

pressure increase of 2.5-3.1%, without accounting for the increased drag caused by the 

disturbance itself 

3.2.    Strip-Disturbance Visuaiization.s 

Because the maximum base-pressure increase of the strip disturkirKcs is small, only the 12 

mm wide strip tab, located 12 mm from the trailing edge of the base (Case A optimum), is 

examined in detail with the Rayleigh/Mie scattering technique.   The effect of adding the strip 

disturbance is decidedly more difficult to see directly in the side- and er»d-\ iew images than for 

the previously examined delta-shaped disturbances,* since the primar\  vorticity component 

created is circumferential instead of streamwise-oriented. Therefore, large ensembles of images 

have been obtained in both the side and end views so that statistics can k- derived to quantify the 

effect that the strip disturbance has on the turbulent structures of the near w ake.  As in previous 

studies of this type,'^"'* lEive imaging locations have been chosen to represent the different stages 

in the development of the shear layer in the near wake.   Ensembles of 500 images have been 

gathered at each imaging position, and in both       side and end views.   It has been shown 

previously that ensembles of this size are sufficient to produce stable statistics.'^ 

Instantaneous images from the near-wake region of the axisymmetric reattaching flow 

altered by a strip disturbance are presented in Fig. 6. Average images are not presented, as the 



ensemble-averaged shear layer does not contain any signilBcant features. As in the no-tab case, 

the shear layer is circular and symmetric in the average end view, indicating that there is no 

significant, stationary, streamwise-oriented structure.   Qualitatively, the instantaneous images 

seem very similar in character to those of the no-disturbance base flowfield. The differences lie 

in the organization and apparent activity of the turbulent structures visible along the interface. In 

the side view (Fig. 6, left), the structures appear to be relatively evenly spaced, a feature rarely 

seen in the no-tab case.   This suggests that there may be a periodic shedding of the turbulent 

structures from the strip tab. The other feature that differentiates these images from the no-tab 

case is that, like images from the near wake of a boattailed afterbody,'** the apparent 'activity' of 

the structures appears to be lower than in the no-tab case.   The border between the freestream 

and core fluid contains more gray scales and fewer serrated and/or jagged edges. 

The average shear layer thickness at each imaging position is presented in Fig. 7. These 

results show that the shear layer is thicker through the mean reattachment point due to the 

presence of the strip disturbance. The shear layer growth rate displays a significantly different 

behavior, however.   In the strip-tab case, the growth rate near the base is slightly lower, 

indicating lower entramment rates and, thus, higher base pressure. Fig. S.*"''' The shear layer 

growth rate, interestingly, is virtuaUy constant throughout the near-wake region for the strip- 

disturbance case.   This indicates that the adverse pressure gradient and streamhne curvature 

effects that promote an increased growth rate in the no-tab case do not affect the strip-tab near 

wake in the same fashion.   The most readily apparent difference between the strip and non- 

disturbed cases is the proximity of the shear layer interfece to the centerline (closer for no tabs). 

The mean core fluid area actually reaches a minimum in the reattachment region'^ for the no-tab 

case. Therefore, streamline convergence effects can be deduced as responsible for the change in 
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slope apparent in Fig. 7 for the no-tab case at the mean reattachment point. The diminished 

influence of streamline convergence and the absence of concave streamline curvature in the 

strip-disturbed flowfield near reattachment leads to diminished shear layer growth rates in the 

developing wake region, and a much thinner shear layer at imagmg position E. 

3.3.   Shape Factor 

As defined in this study, the shape factor is the ratio of the actual length of an interface to 

the theoretical minimum interfece lengtL For example, when viewing an enclosed interface, 

such as the shear layer seen in the current end views, the minimum interface length would be the 

circumference of a circle encompassing the same area. For an open interface, such as seen in the 

current side views, the minimum interface length would be that of a straight Une connecting the 

most upstream and downstream boundary points. The shape fector is intended to be an 

indication of the 'mixing potential' of a given interface. 

The side- and end-view shape fector values calculated for the strip-tab and no-tab cases' 

are presented in Figs. 8 and 9, respectively.  These results are the mean of approximately 500 

shape fector values for each image ensemble, and the uncertainty bars on the measurements 

represent the RMS values calculated for the ensemble at each imaging location. 

Several interesting trends are seen in the graphs of Figs. 8 and 9. First, the shape factor 

appears to change very little between imaging locations B and C, and then to decrease between 

C and D in the side view (Fig. 8) for the strip-tab case. This decreasing trend, although small, 

indicates that there is little mixing or development occurring near reattachment in the strip- 

disturbed near wake. At position A near the base, the side-view shape factor is markedly higher 

for the strip-disturbed flowfield than for the non-disturbed flovirfield.   However, at the mean 
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reattachment point, position D, the shape &ctor values are approximately equal. Another 

noteworthy difference between the strip-disturbed and non-disturbed flowfields is apparent in the 

end view (Fig. 9) at position D, the mean reattachment point. In the no-tab case, there is a jump 

in the end-view shape fector value from that at position C due to the impingement of the shear 

layer on the centerline, and the three-dimensional natwe of the reattachment process. ^^ For the 

strip tab-disturbed flow, there is no change in the rate of increase of the end-view shape factor at 

this position. This indicates that the streamline curvature and axisymmetric confinement effects 

seen in the no-tab case'^ do not generate the same type of mixing at the mean reattachment point 

for the strip-tab case. The final result of interest is seen in the last imaging position in the 

developing wake. Because of the lower pressure rise due to the higher base pressure in the strip- 

disturbed case than in the no-tab case, the mixing enhancement that recompression causes is 

much smaller, and the shape fectors are much lower downstream as a result. 

3.4.   Steadiness/Flapping Motions 

If the assertions of other researchers^'" can be extended to the current work, several key 

patterns should be visible in the steadiness and flapping analysis of the strip-tab case. First, one 

would expect the overall level of shear layer motion to increase from the no-tab case. In Smith 

and Smits' work," it was shown that the Reynolds stresses in the inner portion of the boundary 

layer were much lower after successive distortions. When the Reynolds stresses, which indicate 

the level of organized turbulent motions in a flow, are small, the reattaching shear layer should 

be more prone to pulsing and/or flapping types of motion, especially near the base. Second due 

to the spanwise vorticity promoted by the strip disturbance, it is expected that pulsing or 

axisymmetric motions will again be larger near the base.    Such instability modes are not 
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naturally enhanced in flows with such a large convective Mach number (~1.3 near the base, 

Table 1) as the current flow, so this enhanced motion should be quickly damped. Third, the 

circumferential vorticity generated by the strip tab should enforce flow symmetry. The back- 

and-forth 'sloshing' motions that were present in the no-tab case'' in the recompression region 

(position C) and developing wake (position E) are not expected to be present in the strip-tab 

results. 

The results of the steadiness analysis are presented in Figs. 10-12.  As e)q)ected, both 

area-based (Fig. 10) and centroidal motions (Fig. 11) are 20-30% higher at position A for the 

strip-tab case. Therefore, low-order axisymmetric and helical instability modes are generated by 

the strip disturbance. This leads to an almost 50% increase in apparent flapping motions seen in 

the side view at this position (Fig. 12). These enhanced motions are quickly damped, however, 

leading to dramatically lower levels of fluctuations by position B, the second imaging position. 

From position B to the last imaging position (Position E), both area-based. Fig. 10, and 

centroidal. Fig. 11, fluctuations remain at lower levels than are seen at imaging position A. In 

the side view, the shear layer motion tells a slightly different tale (Fig. 12).   The flapping 

motions for the strip-tab base are damped between positions A and B, but still remam higher at 

position B than for the no tab-case. From Position B downstream to position E, the variation of 

the flapping motions of the strip-tab case mirror those of the no-tab case, but are about 3-5% of 

the local shear layer thickness larger. The difference can be attributed to two fectors. First, the 

area-based fluctuations seen in Fig.  10 persist at a relatively high level throughout the 

recompression (position C) and reattachment (position D) regions in the strip-tab case.  In the 

recompression and reattachment regions, the area fluctuations are approximately twice as large 

for the strip-tab case as the no-tab case. Second, the 'sloshing' motions observed in the no-tab 
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case at positions C and E are not indicated in the side-view measurements, because they were 

based on the preferential orientation of the turbulent structures in the end view along the Z-axis 

(Mg. 3). Therefore, the statistics presented for the no-tab side-view flapping motions are slightly 

lower than the mean apparent radial flapping motions. 

3.5.   Spatial Correlation Analysis 

A spatial correlation analysis technique is employed to estimate the mean size, shape, and 

orientation of the turbulent structures present in the sheaf layer. The images acquired in this 

study were of relatively low intensity, occupying only 10% of the dynamic range of the CCD. 

Therefore, an intensity-averaging technique^'* was employed to increase the fidelity of the 

statistics gathered fi-om the raw images. This reduces the intensity variations caused by 

variations in the seeding levels and laser sheet intensity, thu5 reducing the noise level in the 

correlation field. 

The spatial correlation fields at all five imaging positions are presented for the side view 

in Fig. 13. The fi-ames are oriented such that the horizontal axis is parallel to the symmetry line 

of the near wake, and the vertical side of each fi-ame has a length equal to one local shear layer 

thickness. The features of these contours are qualitatively similar to those of the no-tab case. In 

the fi-ee shear layer, positions A and B, the turbulent structures (based, as usual, on the 0.5 

correlation contour'^' ''*) occupy approximately V-i of the shear layer thickness, and are inclined at 

approximately 45° from the mean shear layer direction. In the recompression and reattachment 

regions, positions C and D, the structures become strained, stretching well over a shear layer 

thickness in length, and rotating to a shallow angle with respect to the shear layer. In the wake 
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region, position E, the turbulent structures relax back to a shape akin to those of the initial 

imaging positions. 

Another feature, rotation of the interior contour levels with respect to the outer contour, is 

also present in the correlation fields of the strip-disturbed case at positions B, C, and D. It has 

been postulated that this rotation of the inner contours occurs in regions of the flow where 

destabilizing influences act on the peripheries of the structures.^^  In the no-tab case,'" inner- 

contour rotation is evident at positions B and C, while for the boattailed case,'^ it was evident at 

positions C and D. The present results are thus consistent with these previous findings. Lack of 

inner-contour rotation at position B for the boattailed afterbody was attributed to the weakened 

influence of the adverse pressure gradient for this flow geometry.   Conversely, the contour 

rotation evident at the mean reattachment point, position D, for the boattailed afterbody was 

attributed to the diminished influence of lateral streamline convergence (a stabilizing influence) 

due to the longer reattachment length and higher base pressure.   The current strip-disturbed 

flowfield displays an increase in base pressure that is less significant than in the boattailed 

afterbody case. Therefore, a hybrid situation exists; the recompression process is strong enough 

to be evident here, leading to contour rotation at position D. 

The end-view spatial correlation fields for imaging positions A-E are presented in Fig. 

14. The correlation contours are oriented such that the freestream is at the top of the frame, 

while the recirculation/wake core region is at the bottom, and flow is out of the page. Aside 

from imaging position A, the mean structure is slightly elliptical, vikh the long axis pointing 

from the core fluid region to the freestream. The mean structure at position A, however, displays 

a much different character. Due to the increased flapping and/or axisymmetric pulsing motions 

generated by the strip disturbance (due to increased circumferential vorticity), the mean structure 
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occupies a circumferential span of approximately two shear layer thicknesses. The high 

convective Mach number near the base dictates that spanwise structures will not remain coherent 

and, thus, there is no trace of this spanwise dominance at position B or further downstream. 

Figure 15 presents the primary statistical results of the correlation analysis in the side- 

view orientation for both the strip-disturbed and no-tab flowfields.''* The lengths of the major 

and minor axes of the mean large-scale structures correspond to the symbols 'a' and 'b,' 

respectively. The results are qualitatively similar for the two cases, especially prior to the mean 

reattachment point (x/Xr =1). 

In the initial portions of the developing shear layer, the mean large-scale structures grow at 

a rate approximately equal to the growth rate of the shear layer, while maintaining a relatively 

constant eccentricity and rotating down toward the streamwise axis. The siructure-angle near the 

base (Fig. 15, bottom) is actually slightly larger for the strip-tab case than for the no-tab case. 

This is in contrast to the side-view correlation results for the boattailed base flowfield,^^ in which 

the side-view structure angle is consistently lower than for the no-tab case. For the boattailed 

afterbody, it was suggested that, due to the decreased structure angle in this region, less 

interfecial area was available for entrainment and mixing, leading to higher base pressure and 

lower base drag. From the structure-angle measurements presented here, it is seen that the 

mechanism causing higher base pressure in the strip-tab case is slightly different. The diversion 

of turbulent energy into enhanced flapping motions near the base (Fig. 12), which does not 

actively promote mixing, may be responsible for the higher base pressure in this case. 

The first significant deviations in the side-view correlation results presented for the no- 

tab and strip-tab results are seen at the mean reattachment point. The mean structure size is 

substantially higher for the strip-tab case than for the no-tab case, and the mean structure angle 
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actually increases from the value in the reconq)ression region, rather than decreasing, as m the 

no-tab case. Both of these features can be attributed to the proximity of the shear layer in this 

region to the centerline (Table 1). In the no-tab case,''* the end-view core area approaches a 

minimum value of approximately 12% of the base area in this region. For the strip-tab case, the 

end-view core area at the mean reattachment point is 23% of the base area. Because of this, 

interaction across the centerline and axisymmetric confinement effects are much less significant 

for the strip-tab case. These effects were deemed responsible for the rapid decrease in structure 

size in the no-tab case, so it is plausible that their diminished role in the strip-tab base flow 

accoimts for this difference in size. 

Statistical resuhs from the end-view correlation analysis are presented in Fig. 16. The 

most distinctive features of these results are present at the first imagmg location. Due to the 

axisymmetric mode promoted by the strip disturbance, the correlation statistics indicate that a 

large and eccentric mean structure, oriented along the shear layer circumference is present at the 

first imaging position (position A); refer to Fig. 14. The axisymmetric disturbance is quickly 

damped, however, and the dimensionless mean structure size approaches a constant value of 

about 0.65 at the remaining measurement locations. The structure size appears to be unaffected 

by the adverse pressure gradient and reattachment processes at positions C and D. The structure 

eccentricity stays approximately constant (within measurement accuracy) and slightly above zero 

for all imaging positions after the first. 

The ratio of end-view to side-view major axes (Fig. 16, bottom), which is an indicator of 

the preferential organization of the turbulence,^^ indicates that, after the first imaging position, 

the same trends are apparent with and without the strip-tab disturbance. The initial span-wise 

dominance of the structures for the strip-tab geometry is quickly damped due to the high 
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convcctive Mach number of the shear layer. The strip tab results actually indicate a slightly 

smaller circumferential-to-streamwise aspect ratio of the mean structures for the strip-tab base 

for all imaging positions after the first. Also, due to the diminished role that the adverse pressure 

gradient (due to higher base pressure), streamline convergeyfce,a/id cross-center line interaction 

have in the reattachment region, the turbulent structures in this region tend to relax and 'stand 

up' in relation to the local flow direction. 

4.   Summary 

This work demonstrates that axisymmetric sub-boundary layer surface disturbances can 

significantly alter the mixing and drag characteristics of the base region in a compressible, 

reattaching, axisymmetric flow. The disturbances accomplish this by altering the turbulence 

structure in the base region. 

Axisymmetric-strip disturbances are shown to enhance both axisymmetric (area-based 

pulsing) and centroidal shear layer motion near the base, without significantly altering the mean 

turbulence structure evident in the side view. This symmetric motion enhancement leads to a 

large, circumferentially eccentric end-view structure at the first imaging position. Due to the 

large convective Mach number in the near-wake region, this enhanced flapping motion and end- 

view mean structure shape is quickly damped. Because the circumferentially-oriented structures 

generated by the strip tab are damped so quickly, the base pressure actually increases by up to 

3%. 

- Interestingly, the presence of the axisymmetric sub-boundary layer disturbances had little 

effect on the turbulent structure statistics at downstream imaging positions. Tiirbulent structure 

generation caused by the separation of the boundary layer from the base and passage through the 
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base corner expansion Fan does not appear to be inl^uenced hy thp^rcscncc of the strip 

disturbances at these locations. 
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Table 1.   Coordinates and estimated flow 
parameters at imaging positions. 

End-View 

Imaging Distance rrom Convcctivc Core Area Shear Layer 

Position Location Base Comer Mach Number' (A/Ata„) Angle 
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Figure 1.  Schematic of mean blunt-based 
flowfield. 
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Figure 3. Mie scattering image acquisition 
system. 

Disturbance width: ~ 6 or 12 mm 
Disturbance thickness: ~ 0.5 mm 

Figure 2.  Strip-tab configuration used 
in this study. 
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Figure 4.  Illustrntion of fields-of-view used 
in thisi^i^iidy. 
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Figure 5. Effect of strip tab on the base pressure of a cylindrical afterbody. Case A 
tab is 12 mm wide, case B tab is 6 mm wide, and case C is two 6 mm wide 
tabs placed 6 mm apart 
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Figure 6. 
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Figure 12.    Side-view flapping motions seen in near wake of strip-tab flowfleld. 
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Figure 13.   Side-view spatial correlation fields at imaging positions A-E for strip-tab 
case. Contours are at 0.1 intervals from 0.5 to 0.9. 
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intervals of 0.1 from 0.5 to 0.9. 
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Figure 15.     Side-view correlation statistics at imaging locations A-E for strip-tab case 
and comparison with no-tab case. 
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ABSTRACT 
Instantaneous, planar velocity measurements have been made for 

an incompressible mixing layer using a facility that was designed and 
built specifically for particle image velocimctry (PIV) experiments. 
The mixing layer has a high-speed freestream velocity of 40 m/s and a 
low-speed freestream velocity of 23 m/s, corresponding to a velocity 
ratio of r = 0.575. The mixing layer was first characterized using hot- 
film anemometry by measuring mean and fluctuating velocities and 
power spectra. An ensemble of 15 PI V photographs was then obtained 
at a location 150 mm downstream of the tip of the splitter plate, where 
the mixing layer is fully-developed. The spatial resolution of the 
velocity vector fields is 0.4 mm, and the fields consist of 100 vectors 
in the stream wise direction and 135 vectors in the transverse direction. 
Velocity and vorticity fields are presented, as well as enlargements of 
flow features of interest. The velocity fields provide intricate detail 
about large-scale structures in the mixing layer. The pairing of large- 
scale Brown-Roshko structures is seen, and in both velocity vector and 
vorticity plots, it appears that the interacting roller structures retain 
some of their individuality after the pairing is seemingly completed. 
In addition, the three-dimensionality of the mixing layer is clearly 
seen, with sink-like structures observed at the centers of some of the 
large-scale structures. Finally, details of the shape and orientation of 
the roller structures is observed. While most of the structures are 
roughly circular in shape, some are elliptical with relatively large 
eccentricity. 

INTRODUCTION 
A mixing layer (or shear layer) is fornied by the interaction of 

two parallel streams of fluid of differing velocity. Mixing layers occur 
in a great number of problems of engineering importance. The 
boundary region of a jet, the slip-stream behind a wing, and the 
interface between a recirculation region and a freestream are just a few 
examples. A schematic of a typical mixing layer experiment is shown 
in Figure 1. In all cases, the subscript I is used to denote properties of 
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the high-speed stream, while subscript 2 denotes the low-speed stream 
properties. 

Because of their importance in engineering applications, a great 
deal of effort has gone into studying turbulent mixing layers. Previous 
experimenters have measured a wide range of mixing layer attributes, 
including growth rate (Champagne et al., 1976), mean and fluctuating 
velocities (Liepmann and Laufer, 1947; Spencer, 1970), vorticity, 
scalar transport and mixing (Batt, 1977), as well as the effects of 
varying flow parameters on these attributes. To accomplish these 
tasks, experimenters have used a number of techniques such as hot- 
wire anemometry, laser Doppler velocimetry (LDV), stagnation and 
static pressure measurements, and flow visualization and measurement 
methods such as schlieren and shadowgraph photography, Rayleigh 
and Mie scattering, and planar laser-induced fluorescence (PLIF). 

Despite the large volume of data that exists concerning various 
aspects of mixing layers, instantaneous planar velocity measurements 
are lacking. Hot-wire anemometry, LDV, and pressure measurements 
have provided point-by-point data about the mean flowfield as well as 
statistical measurements of turbulent fluctuations on a time- or 
ensemble-averaged basis, but do not provide instantaneous planar 
velocity data. Conversely, schlieren and shadowgraph photography, 
Rayleigh and Mie scattering experiments, and PLIF studies allow the 
experimenter to visualize instantaneous turbulent structures in the 
flowfield, but do not provide quantitative velocity data. To fill this 
void in the understanding of the fluid dynamic mechanisms of 
incompressible mixing layers, particle image velocimetry (PIV) 
experiments have been performed and are described herein. 

BACKGROUND 
The most commonly reported measurement in mixing layer 

experiments is the growth rate, since it is related to the mass 
entrainment of the freestream fluids, which is the first step in mixing 
the two fluids. The shear layer growth rate is often expressed in terms 
of the spreading parameter, O. This parameter is usually found by 
fitting experimental velocity profiles to an analytical solution as a 
function ofthe similarity coordinate T| = ay/x and choosing o for the 
best overall fit. Gortler's error function solution (Schlichting, 1968) is 
usually used for finding o. The mixing layer thickness is a rather 
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arbitrarily defined quantity, however, and a number of definitions exist 
in the literature. For example, one definition is that it is the distance 
between two arbitrarily defined streamlines. Other definitions are the 
momentum thickness and the vorticity thickness of the mixing layer. 

The growth rate of the mixing layer is dependent on a number of 
parameters. One parameter affecting it is the velocity ratio, 
r = U2/U1. In fact, the velocity ratio is the most significant parameter 
affecting the behavior of turbulent mixing layers. The generally 
accepted relationship between mixing layer growth rate and velocity 
ratio is 

CT l+r (1) 

where o„ is the spreading parameter for X = I (a mixing layer with 
r =0). Although measured values of o„ vary from experiment to 
experiment, the generally accepted value is o„ = 11 (Liepmann and 
Laufer, 1947; Sabin, 1965; Wygnanski and Fielder, 1970; Johnson, 
1971; Batt, 1975, 1977; Spencer, 1970; Champagne et al., 1976). 

Ideas concerning the mechanisms of mixing layer growth and 
fluid entrainment in turbulent mixing layers have changed a great deal 
over the years. In the 1950's and I960's researchers imagined 
entrainment taking place by a process called "nibbling." In this theory, 
a wavy interface exists between the turbulent fluid within the mixing 
layer and the irrotational fluid of the freestreams. This wavy surface 
then advancs into the freestream, thus increasing the mixing layer 
thickness, by vorticity diffusion. This "nibbling" was believed to be 
unifomi over the entire surface, resulting in the experimentally 
measured linear growth rate of turbulent mixing layers. This theory 
was shown to be incorrect by flow visualization experiments in the 
early I970's. 

In their seminal paper on turbulent mixing layers. Brown and 
Roshko (1974) found that mixing layer growth and fluid entrainment 
are dominated by large-scale turbulent structures. These large-scale 
structures resemble large spanwise-oricnted rollers that convect 
downstream at a speed approximately equal to the mean of the two 
freestream velocities. These structures cause the mixing layer to grow 
through two primary mechanisms. The first of these involves the 
entrainment of freestream fluid into the roller structures, and can be 
described as "gulping." This process was described by Dimotakis 
(1986). Irrotational freestream fluid is drawn into the roller structures 
where, because of the large surface area of the interface between the 
irrotational and rotational fluid, vorticity can rapidly diffuse into the 
in-otational fluid, thus causing the mixing layer to grow. 

A second mechanism for the growth of the mixing layer is the 
interaction of two or more roller structures to form a single larger 
structure (Winant and Browand, 1974). The initial spacing of the 
rollers is dependent on the frequency of the most dominant instabilities 
existing in the mixing layer prior to the transition to turbulence. As 
these structures convect, occasionally two or more structures will 
combine to form a larger structure. This interaction increases both the 
size of the structures as they convect downstream and also the spacing 
between the remaining structures, which is proportional to the distance 
downstream from the origin. The structure spacing 1^ is also 
proportional to the mixing layer thickness, with 

L=3.55„ (2) 

as the generally accepted relationship, where 8„ is the vorticity 
thickness. 

At sufficiently high Reynolds numbers, the mixing layer will 
develop secondary streamwise vortices in addition to the spanwise- 
oriented roller structures. These secondary vortices appear as 
streamwise ribs in the braid region between the rollers (Bernal and 
Roshko, 1986) and originate from instabilities in the large-scale 
rollers. These streamwise vortices lead to an increase in mixing, since 
they increase the interfacial area between the rotational fluid within the 
mixing layer and the irrotational fluid in the freestreams. 

A limited number of planar velocity measurements in 
incompressible mixing layers have been attempted in the past. 
Dimotakis et al. (1981) used particle streak velocimetry to measure the 
velocity vector field in an incompressible mixing layer, but their 
technique led to irregularly spaced velocity vectors, which made 
interpretation of the results difficult. High-speed cinematic PIV 
experiments performed on incompressible mixing layers by Oakley et 
al. (1996) followed temporally evolving large-scale structures and 
included temporal and spatial correlations. However, this study did 
not investigate individual roller structures in great detail as in the 
current work. 

EXPERIMENTAL APPARATUS 

Flow Faclltty and Test SecWon 
The wind tunnel facility used in these experiments is of the 

blowdown type and has been designed specifically for the study of 
mixing layers. High-pressure air supplied by an Ingersoll-Rand 
compressor flows into a tank farm with a volume of about 150 m^ 
before entering the laboratory through a 2 inch diameter pipe. The 
flow to the test section is regulated using a 2 inch Valtek control valve. 
A Fisher feedback process control system is used to supply a constant 
flow of air to the test section. 

Figure 2 is a schematic of the test section used in the mixing layer 
experiments. Two 3 inch diameter pipes supply air to the top and 
bottom streams. The pipe to the bottom stream is fitted with a globe 
valve for throttling this flow to achieve various mixing layer velocity 
ratios. Each of the streams is conditioned by a combination of three 
screens and one honeycomb insert to provide unifonn flow and to 
reduce the freestream turbulence intensity. In each of the freestreams, 
a converging nozzle with a 6:1 contraction in area is used. The two 
streams come together at the tip of the splitter plate, which has been 
machined such that it is only a few hundredths of a millimeter thick at 
its tip with a 3 degree angle of convergence between the two streams. 
The test section overall dimensions are 63.5 mm high by 102 mm wide 
by 356 mm long. 

Hot-Film Anemometry System 
A hot-film anemometry system has been used to collect mean 

velocity and velocity fluctuation data at various locations in the wind 
tunnel. The purpose of these data is to verify that the statistical 
description of the current mixing layer flowfield is in agreement with 
that of past studies (Liepmann and Laufer, 1947; Spencer, 1970). 
Velocities are measured with a TSl Model 1210-20 hot-film probe 
connected to a TSl IFA-IOO flow analyzer. The signal from the flow 
analyzer is sent to a Gateway 2000 486/33 computer where it is 
digitized by a National Instruments AT-MIO-I6E10 data acquisition 
board. The velocity data are then recorded and analyzed using 
National Instruments LabVIEW software. 
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Particle Imaffe Vflloelmetrv System 
The PIV system consists of two parts: the image acquisition 

system and the interrogation system. Tlie acquisition system includes 
the equipment needed to obtain double-exposed PIV photographs of 
the flowtleld of interest, and the interrogation system is comprised of 
the equipment needed to analyze the photographs and to provide 
velocity, vorticity, strain rate, and related information. 

The acquisition system is shown in Figure 3. Double-pulsed light 
is supplied by two Continuum YG68I-I0 NdrYAG lasers, which are 
triggered by a Stanford Research Systems DG535 digital delay pulse 
generator. Beam-shaping optics form the 532 nm wavelength beam 
from each laser into a light sheet. This sheet illuminates the seed 
particles suspended in the flow (0.4 |jm diameter titanium dioxide), 
and double-pulsed images of the particles are captured with a Canon 
EOS 630 35 mm camera. The film is then developed and ready for use 
in the interrogation system. 

The interrogation system, shown in Figure 4, is controlled by a 
90 MHz Pentium computer. The photographic negative is placed in a 
glass sandwich, and a small region of it is illuminated by a fiber optic 
white light source and focused onto a Sierra Scientific CCD camera. 
An Aerotech Unidex 11 positioner controls the position of the 
negative, allowing different regions of the flowfield recorded on the 
negative to be imaged. A Data Translation 2581 frame grabber 
digitizes the image, and the digitized image is sent to an Innovative 
Integration PC44 digital signal processing board. The DSP performs a 
cross-correlation analysis on the digitized image to find the velocity 
vector at each interrogation spot. The PC44 board contains two Texas 
Instruments TMS320C44 processors, allowing for parallel processing 
of the digitized image. The entire system is capable of computing 
about 5 vectors per second. For a velocity field consisting of 13,500 
vectors (the size of the vector fields presented in this paper), this 
results in an interrogation time of about 45 minutes per photograph. 

The interrogation spot size in the experiments presented here is 
0.8 mm by 0.8 mm. With an overlap between adjacent interrogation 
spots of 50%, this results in a spatial resolution of 0.4 mm. 

RESULTS AND DISCUSSION 
For the current experiments, the high-speed freestream velocity 

was 40 m/s and the low-speed freestream velocity was 23 m/s 
corresponding to r = 0.575. Since both streams are relatively low- 
speed air at approximately atmospheric conditions, the density ratio is 
unity, s = p2/Pi = 1 (corresponding to a homogeneous mixing layer). 
Velocity measurements were first obtained with the hot-film 
anemometer to characterize the mixing layer. The hot-film 
measurements were obtained 130, 155, and 180 mm downstream from 
the tip of the splitter plate and are presented in Figure 5. Figure 5(a) 
shows the mean u-velocity profiles at each of the three locations. Self- 
similarity in the mean velocity profile is clearly evident. However, for 
a mixing layer to be considered fully-developed requires self-similarity 
of both the mean velocity and the turbulent velocity fluctuations. In 
Figure 5(b) the turbulence intensity, (u')/AU, at each of the 
downstream locations is presented, and once again self-similar 
behavior is clearly evident. It is thus safe to conclude that at these 
locations the mixing layer has become fully-developed. Defining the 
edges of the mixing layer as those locations whose mean velocity 
differs from the freestreams by 5% of AU yields a mixing layer 
thickness of 17 mm at a location 155 mm downstream of the tip of the 
splitter plate. Since the spatial resolution of the PIV vector field is 
0.4 mm, each vector represents 2.4% of the mixing layer thickness. 
This is somewhat better resolution than the 3.75% reported by Oakley 
ct al. (1996) in their incompressible mixing layer PIV experiments. 

Spectral measurements were also obtained 155 mm from the tip 
of the splitter plate with the hot-film anemometer to determine if the 
velocity fluctuations contained any dominant frequency components 
that might be caused by vortex shedding or other periodic phenomena 
originating upstream of the splitter plate tip. A small peak centered 
around 1000 Hz was seen in the energy spectrum measurements 
obtained within the mixing layer. This frequency corresponds to that 
of the Brown-Roshko rollers at this measurement location. No other 
dominant frequencies were observed. Spectral measurements obtained 
in the freestream also showed no dominant frequency components. 

The hot-wire anemometer was also used to measure the mean 
velocity profile and thickness of each of the incoming boundary layers 
just upstream of the tip of the splitter plate, as well as to measure the 
turbulence intensity in each of the freestreams and to obtain spectral 
measurements in the boundary layers. The boundary layer on the top 
of the splitter plate had a momentum thickness of 0.043 mm and the 
boundary layer on the bottom of the splitter plate had a momentum 
thickness of 0.31 mm. The frequency spectra for the boundary layers 
were very clean, with no unusual peaks at any frequencies. The 
turbulence intensity of each of the incoming freestreams was found to 
be around 0.5%. 

After the hot-wire experiments were completed, the PIV 
experiments were begun. An ensemble of 15 PIV photographs was 
obtained at a location 150 mm downstream from the tip of the splitter 
plate. At this location, the Reynolds numbers based on distance from 
the splitter plate tip and on the local mixing layer thickness are 
Rex = 2.3 x 10^ and Res = 2.5 x 10*, respectively. A laser pulse 

separation of 6.7 ^s was used, which corresponds to a dynamic range 
of 25 pixels between the fastest and slowest velocity vectors measured. 
Also, the slowest velocity vectors measured corresponded to a 
displacement of 20 pixels. Because the vectors determined in this 
experiment are accurate to within 0.2 pixels (Prasad et al., 1992), the 
PIV data presented here have an experimental uncertainty of 1 %. 

Figure 6 shows a single realization of the velocity vector field. 
Every other vector has been plotted, making the spatial resolution in 
this figure 0.8 mm. The large-structure convective velocity 
(Uc =31.5 m/s) has been subtracted to make the structures more 
readily visible. Indeed, in Figure 6 , two clockwise-rotating roller 
structures can be seen in the left and right centers of the vector field. 
The two structures in this field do not appear to be interacting with 
each other at this instant, and this is the case with most of the vector 
fields in the ensemble. However, in some of the realizations, 
structures have been photographed in the process of pairing to form a 
larger structure. Such an example of large-structure interaction is 
shown in Figure 7. This figure is an enlargement of a region of a 
vector field in which two structures are combining to form a larger 
structure. The figure shows a 20 mm x 20 mm region of the vector 
field, with every vector plotted, yielding a spatial resolution of 
0.4 mm. Although the entire region shown has a clockwise rotation, 
two smaller regions of clockwise rotation are seen inside the larger 
structure. It is believed that this vector field portrays the final stages 
of the pairing interaction, in which the two smaller structures have 
coalesced to form an even larger structure. As more realizations are 
added to the ensemble, roller structures will likely be captured at 
different stages of the pairing interaction than that shown in Figure 7, 
yielding a more complete picture of this mixing layer entraininent / 
growth mechanism. 

More can be learned about the structures and their behavior by 
calculating the out-of-plane vorticity. Figure 8 is a vorticity plot of the 
flowfield shown in Figure 6. Since the spanwise roller structures are 
generally regions of high vorticity, the vorticity plot makes the 
locations of these structures quite obvious. The high concentrations of 
vorticity at the left center and right center of the figure correspond to 
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the two large Brown-Roshko structures in this flowfield. The smaller 
concentration of vorticity in the center of the figure is located near the 
stagnation point in the braid region between the two rollers. If the 
center of a spanwise-oriented roller is defined as the point of 
maximum negative vorticity, then the distance between adjacent 
structures can easily be found. For the two vortices shown in Figure 6, 
this spacing is 28 mm. When this analysis is performed for each of the 
vector fields in a larger ensemble, the mean large-structure spacing can 
be calculated. Assuming that the 28 mm spacing is of the right order- 
of-magnitude, however, the structure passage frequency is 
Uj/8 = 1100 Hz, which is of the same order as the peak frequency in 

the hot-film energy spectrum for the shear layer. Notice that in 
Figure 8, the rollers do not appear to consi.st of a single well-organized 
vortex, but instead appear to consist of multiple smaller vortices. 
Perhaps the remnants of individual vortices that have undergone 
pairing processes can exist long after they have seemingly merged into 
a single larger structure. 

One attribute of the mixing layer that became apparent upon 
examination of the PIV images was the three-dimensionality of the 
flowfield. Figure 9 is an enlarged view of the leftmost roller structure 
shown in Figure 6. Every vector has been plotted, so the spatial 
resolution is 0.4 mm in this view. An interesting feature of this large- 
scale structure is that near its core (x = 157 mm, y = -6 mm), there are 
many velocity vectors pointed towards its center, but apparently no 
velocity vectors pointed away from the center. Since the fluid is 
incompressible, conservation of mass implies that as much fluid must 
leave the center as is entering it. The direction of this exiting flow 
must be perpendicular to the plane of the PIV image (in the z- 
direction); thus, the flowfield must be three-dimensional. In fact, the 
center of roller structure appears to be a sink. One way to show the 
three-dimensionality of the flowfield is to calculate 
3w/9z = -(3u/dx + dv/3y) from the continuity equation. For a 

strictly two-dimensional flow, 9w/3z would be zero everywhere. 
Figure 10 is a plot of 3w/3z for the realization shown in Figure 6. 
Notice that most of the three-dimensionality is confined to the mixing 
layer with only small non-zero values in the two freestreams. In 
addition, it appears that the largest values of 3w/3z occur at the large 
structure centers and near the stagnation point in the braid region. 

The PIV data collected can also yield information about the shape 
and orientation of the large-scale structures in the mixing layer. 
Figure 11 is an enlargement of a region in one of the vector fields. As 
in the other enlargements, this figure shows a 20 mm x 20 mm region 
of the mixing layer with every vector plotted. This figure was chosen 
for the intricate detail it shows of the shape and orientation of the 
structures within it. On the right side of this figure (at location x = 187 
mm, y = -10 mm), a large-scale Brown-Roshko structure is seen. 
However, unlike the other structures presented thus far, which were 
roughly circular in shape, this structure is quite elliptical with the 
major axis in the transverse (i.e., y) direction. Additionally, within the 
large roller structure, a second smaller region of clockwise circulation 
can be seen near its bottom. This structure is also elliptically shaped. 
It is believed that this smaller structure is again the remnant of a 
smaller structure consumed by the larger structure during a pairing 
interaction. Furthermore, just above this smaller elliptical structure, a 
sink-like structure similar to that seen in the center of the large roller 
structure shown in Figure 9 is also present. Another feature shown in 
great detail in Figure 9 is the braid region and stagnation point 
centered at x = 173 mm, y = - 0.4 mm. 

It is possible to calculate mean and fluctuating velocities from the 
PIV data by ensemble-averaging all of the velocity realizations. The 
mixing layer growth rate and spreading parameter can then also be 
determined from such averaged data. However, the current ensemble 

of 15 vector fields is not large enough to make accurate determinations 
of these quantities. Enough realizations can be obtained for reliable 
statistics by assuming that the mixing layer growth rate is small over 
the region imaged, using multiple columns from each vector field, and 
averaging over these columns to get a single mean velocity at each 
transverse location. In Figures 12(a) and (b), the velocity vectors from 
the first 30 columns in each of the 15 vector fields have been 
condensed into a single profile with each point therefore representing 
the ensemble average of 450 individual velocity realizations. The 30 
columns in each vector field represent a streamwise distance of 
11.6 mm. While the mixing layer does grow over these 11.6 mm, the 
growth rate is small enough that this approximation yields some 
insight concerning statistical quantities. In Figure 12(a), the mean u- 
velocity profile is plotted, and it resembles the expected error function- 
type shape that is also shown by the hot-film measurements presented 
in Fig. 5(a). The mixing layer is also observed to grow more rapidly 
into the low-speed stream, which is another expected result (Brown 
and Roshko, 1974). In Figure 12(b), the mean v-velocity profile is 
plotted showing the expected shape with entrainment from each of the 
two freestreams into the mixing layer. 

CONCLUSIONS 
Fifteen realizations of PIV velocity vector fields for an 

incompressible, homogeneous mixing layer with a velocity ratio of r = 
0.575 have been obtained. The vector fields have a spatial resolution 
of 0.4 mm with 13,500 vectors obtained in each case. With a mixing 
layer thickness of 17 mm at the location of interest, this corresponds to 
each velocity vector representing 2.4% of the thickness of the mixing 
layer. 

The vector fields presented here provide intricate detail about 
large-scale structures in the mixing layer. Detailed images of 
individual large-scale structures as well as roller structures in the midst 
of pairing have been obtained. Vector and vorticity plots seem to 
show that individual roller structures retain some of their features even 
after seemingly interacting to fomi a larger structure. In addition, the 
three-dimensionality of the mixing layer is readily apparent. This 
three-dimensionality is confined mainly to the mixing layer, especially 
at the large-scale structure centers and in the braid region between 
structures. Indeed, sink-like structures are cleariy seen at the centers 
of some of the large-scale structures. The PIV vector fields also 
supply information on the shape and orientation of both the large-scale 
Brown-Roshko structures and also smaller structures within the rollers. 
While most of the structures are roughly circular in shape, some have 
been found to be ellipses with substantial eccentricity. 

Future work will include expanding the current ensemble to at 
least 100 realizations so that more reliable statistical information can 
be obtained. With the larger ensemble, calculations such as mean and 
fluctuating velocities, spatial correlations, and mean large-structure 
spacing will be possible. It may also be possible to do cross- 
correlation analysis or to use linear-stochastic estimation to gain 
quantitative data about the large-scale structures. In addition, the 
larger ensemble will provide more information on the pairing process, 
as roller structures in various stages of interaction will be 
photographed. 
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A Procedure for Turbulent Structure Convection Velocity 
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This paper describes the development of a technique for determining the convection velocity of 

large-scale turbulent structures captured in time-correlated images. The crux of the procedure 

centers on a pattern-matching algorithm employing cross-correlations to identify structures in the 

initial image and then to track them in the delayed image. The convection velocity is then estimated 

as the convection distance divided by the time separation of the image-pair. Since each image-pair 

produces a single convective velocity realization, a large ensemble of image-pairs can provide a 

mean convection velocity, as well as higher-order moments such as rms estimates. This cross- 

correlation routine is capable of analyzing very large data sets in a completely automated manner, 

thereby improving the accuracy and objectivity of the results over manual or partially automated 

procedures. Guidelines, derived from parametric studies involving the relevant length and time 

scales of the flow, are presented for optimizing the experimental and computational components of 

this technique. Successful strategies for image processing and histogram filtering are also 

discussed. Lastly, performance criteria of the overall procedure, including the results of a standard 

uncertainty analysis, are presented. 
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FLOW VISUALIZATIONS AND MEASUREMENTS OF A 
THREE-DIMENSIONAL SUPERSONIC SEPARATED FLOW 

Brad A. Boswell J. Cralg Dutton t 

Department of Mechanical and Industrial Engineering 
University of Illinois at Urbana-Champaign 

1206 West Green Street, Urbana, Illinois 61801 

Abstract 

The flow along the afterbody and in the base 
region of a circular cylinder with a length-to-radius 
ratio of 3.0 aligned at 10° angle-of-attack to a Mach 2.5 
freestream has been investigated experimentally. The 
objective of this study is to better understand the 
mechanisms that control the base flow for supersonic 
bodies with a non-zero angle-of-attack orientation. 
Schlieren and Mie scattering visualizations were 
obtained to discern governing flow features and to 
image the large-scale turbulent structure. Surface oil- 
streak visualizations were obtained to determine the 
three-dimensionality of the afterbody surface flow and 
to deduce the base surface flowfield. Pressure-sensitive 
paint measurements were completed to determine the 
spatial evolution of surface pressure along the 
cylindrical body at angle-of-attack and to determine the 
change in base pressure caused by inclination of the 
body to non-zero angle-of-attack. Results provide 
evidence of expected mean-flow features, including 
base-comer expansions, separated shear layer 
development, recompression shocks, and a turbulent 
wake. No evidence of lee-side flow separation was 
detected along the afterbody. However, a strong 
secondary circumferential flow, which develops along 
the afterbody due to pressure gradients on its surface, 
results in the entrainment of fluid into the base region 
from the leeward portion of the flow. The average base 
pressure ratio measured for the angle-of-attack case is 
48.4% lower than that measured for zero angle-of- 
attack, resulting in a significant increase in base drag 
for cylindrical objects inclined at angle-of-attack. 

Introduction 

The large contribution of base drag to the total 
drag about cylindrical bodies makes understanding of 
the fluid dynamic interactions that govern supersonic 
base flows critical to the improvement of aerodynamic 
vehicle performance. As a result, considerable effort 
has been expended to not only measure axisymmetric, 
supersonic base flows experimentally,'"* but also to 
mode! the flowfields numerically.'"' Although these 
previous studies provide detailed insight into the 
characteristics of a supersonic base flow at zero angle- 
of-attack, including boattail and base-bleed effects, this 
single test case does not account for all flight conditions 
experienced by supersonic vehicles. Rockets, missiles, 
and other aerodynamic vehicles spend a considerable 
portion of their flight paths oriented at non-zero angle- 
of-attack. In addition to the zero angle-of-attack base 
flow features, three-dimensional effects are introduced 
during flight at angle-of-attack that significantly affect 
the flowfield behavior. 

Figure 1 is a schematic of supersonic flow 
about a cylindrical body with a generic conical 
forebody at angle-of-attack, a. Traditional supersonic 
base flow features during zero angle-of-attack flight, 
such as expansion waves at the base comer separation 
point, development of a compressible free shear layer, a 
base recirculation region, a series of recompression 
shocks, and a trailing wake also exist in this flow. In 
addition, for sufficiently large angle-of-attack and body 
length, counter-rotating symmetric vortex wakes will 
also develop on the lee side of the object." For a given 
freestream Mach number, the strength of these lee-side 
vortices increases with body length-to-diameter ratio 
and angle-of-attack. Complete understanding of the 
fluid dynamic interactions between the three- 
dimensional afterbody flow and that in the base flow 
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region   is   necessary   to   accurately   predict   flight 
performance. 

Although detailed flow characteristics of the 
three-dimensional leeward vortices have been measured 
in previous studies,* interference from downstream 
model supports has resulted in limited accurate 
experimental pressure data in the base region for 
supersonic flight at angle-of-attack. In a review of 
supersonic base-pressure data at angle-of-attack. Lamb 
and Oberkampf found only two experimental studies 
without interference effects. In the first study, 
completed by Pick,'" the trajectories of cones launched 
into a hypersonic flow at varying angles-of-attack were 
recorded in a motion picture, which was then utilized to 
determine base pressure. The second study, completed 
by Moore et al.," measured the base pressure behind a 
cylindrical body with body length-to-radius ratio of 
14.4 for varying angles-of-attack and freestream Mach 
numbers. Although these studies provide excellent 
pressure measurements at the base surface, that is 
essentially the limit of their contribution. To date, no 
detailed flowfleld measurements have been completed 
to determine the fluid dynamic processes that control 
the behavior of a supersonic base flow at angle-of- 
attack. 

This lack of detailed experimental flowfleld 
data has hindered the efforts of numerical modelers to 
predict base flow characteristics. In a recent review of 
numerical efforts, Sturek et al.'^ cited a number of 
computational studies that modeled the flowfleld 
around cylindrical bodies at angle-of-attack. However, 
the results of these investigations were not extended to 
the base region due to a lack of experimental data for 
comparison. In addition, Sahu'^'*'* has modeled base 
flow at angle-of-attack in the transonic flight regime 
and for various types of base cavities. These studies 
presented both velocity vector fields and Mach number 
contours in the base recirculation and wake regions of 
the flowfleld. Clearly, detailed experimental data are 
needed to verify and improve computational models of 
this nature. 

In the current investigation, experiments were 
conducted to visualize and measure the flowfleld 
behind a cylindrical afterbody positioned at angle-of- 
attack in a supersonic flow. Flowfleld visualizations 
were obtained to provide a qualitative view of the 
general flow structure in the base region. In addition, 
surface-flow visualizations are included to depict the 
flow pattern along the afterbody and on the base itself. 
Finally, detailed surface pressure-sensitive paint 
measurements are presented along the afterbody and on 
the base surface, thus providing a means for 
comparison of base pressure to results measured at zero 

angle-of-attack.' These data will help to improve 
understanding of this complex, three-dimensional, 
compressible, separated flow and will aid in numerical 
modeling of supersonic base flows at angle-of-attack. 

Experimental Facilities and Procedures 

All experiments were conducted in the 
University of Illinois Gas Dynamics Laboratory in a 
blow-dovm type supersonic wind tunnel designed 
specifically for axisymmetric base flows. As depicted 
in Figure 2, compressed air passes from a stagnation 
chamber, through a combination screen-honeycomb 
flow conditioning section, and into an annular 
converging-diverging nozzle to reach supersonic 
conditions. The supersonic freestream flow then passes 
mto the test section before finally exiting through a 
conical difftiser into a silencing duct. In the tunnel, the 
mean freestream Mach number approaching the 
afterbody is 2.46, the freestream turbulence intensity is 
less than 1 percent, and the freestream unit Reynolds 
number is 52 x lO' per meter.' A hollow, annular sting, 
aligned on the tunnel centerline, is supported far 
upstream of the nozzle to prevent support interference 
effects in the supersonic region of the tunnel. The 
experimental afterbody is attached to the downstream 
end of the sting via internal threads and consists of a 
63.5 mm diameter cylindrical base mclined to create a 
10'angle-of-attack afterbody with a length-to-radius 
ratio of 3.0. Optical access to the afterbody and near- 
wake regions is available from three sides of the test 
section to allow for nonintrusive measurements and 
visualizations. A complete description of this tunnel is 
included in Ref 15. 

A schematic of the experimental afterbody 
inside the axisymmetric nozzle is included in Figure 3. 
A cylindrical coordinate system is generally utilized 
with the origin at the base center. Streamwise (x) 
displacement is measured along the normal to the base 
with positive values oriented m the dovrastream 
direction. Radial distance (r) is measured outward from 
the base center. Circumferential angle ((()) is measured 
from 0° on the windward to 180° on the leeward side 
of the afterbody in a clockwise (when looking 
dovmsfream) direction by the right-hand rule. 

Conventional schlieren photography, using a 
1.4 ^s duration spark light source, was utilized to 
investigate the general features of the base-region 
flowfleld and to ensure that no interference effects were 
present in the wind tunnel during operation. More 
detailed views of the near-wake flow structure were 
obtained using a Mie scattering technique similar to that 



utilized by Smith and Dutton.'^ In this visualization 
method, ethanol is injected far upstream of the 
converging-diverging nozzle, where it vaporizes and 
mixes with the carrier air, and is then condensed into 
approximately 0.05 ^m diameter droplets during the 
acceleration to supersonic speeds in the annular c-d 
nozzle. These droplets are easily small enough to track 
the accelerations in this high-speed separated flow.'^ A 
Nd:Yag laser with beam-shaping optics (see Figure 4) 
is used to form a laser sheet that illuminates a thin plane 
(approximately 200 |xm thickness) of the ethanol mist 
for 6-8 ns per laser pulse. This short illumination time 
allows "frozen" instantaneous images of the flowfield 
to be captured with a 14-bit, high-resolution, 
unintensified CCD camera. 

Oil-streak visualizations were used to 
determine the surface streakline pattern both along the 
afterbody and on the base itself In this experimental 
technique, a carrier fluid such as oil is mixed with 
lampblack and is applied to the surface of interest. 
During experimental operation, the carrier fluid will 
flow as governed by the surface shear stress distribution 
and will eventually evaporate, leaving the lampblack on 
the surface as an indication of surface flow direction. 
For the current experiments, the liquid used for the 
afterbody visualizations was a combination of 50% 
Three-in-One Oil and lampblack. For base-surface 
visualizations, a combination of 50% diesel fuel and 
lampblack was used because the lower pressure in this 
region required a more volatile carrier fluid for 
complete evaporation during the wind tunnel's 
maximum allowable run time. The surface-flow 
visualizations were photographed using standard, 100 
speed, 35 mm film. 

A series of 1.59 mm diameter pressure taps 
was placed on the afterbody model to obtain static 
pressure measurements along both the afterbody and 
base surfaces. Seventeen pressure taps were located on 
the base, with half of the taps located on the diameter 
between ((> = 0° and ^= 180*, and with the other half 
located on the diameter between (|» = -90* and (|) = 90*. 
The spacing between each base tap is 6.35 mm. 
Twenty-four taps are located on the afterbody surface, 
with an equal number of taps located along the (|) = 0*, 
90*, -90*, and 180* longitudinal axes. Two of the six 
taps on each line were positioned upstream of the 
angle-of-attack joint (Figure 3) to verify that a uniform 
pressure field exists prior to the 10* afterbody turn. 
Mean static pressures were measured using a Pressure 
Systems Inc. digital pressure transmitter (DPT 6400-T). 
These pressure taps provided the calibration data for in- 
situ surface-pressure measurements made using a 
pressure-sensitive   paint   technique   similar   to   that 

utilized by Woodmansee and Dutton." This method 
uses the following relationship between surface 
pressure and the intensity of fluorescence for a 
luminescent coating on the surface, where Ai, A2, and 
A3 are fitting parameters. 

'ref ^'      ^ 

''ref 
= A] +A2 

I 
■ +A M (1) 

The pressure-sensitive paint compound 
utilized in this study was developed at Old Dominion 
University, and is made up of 85% 1,1,1- 
trichloroethane, 15% GE RTV 118, and 300 ppm 
ruthenium bathophenanthroline chloride probe 
molecules.'^ As shown in Figure 5, the PSP-coated 
afterbody and base surfaces were excited using 450 nm 
light from two tungsten-halogen light sources. The 
tunnel-off (reference) and tunnel-on fluorescence 
intensities were then recorded using a 14-bit, high- 
resolution, unintensified CCD camera fitted with a 600 
nm bandpass filter. 

Results and Discussion 

Schlieren and Mie Scattering Flow Visualizations 

Figure 6 shows a composite schlieren 
photograph of the flow along the afterbody, in the base 
recirculation region, and in the near-wake region. 
Although some detail is lost in the photograph due to 
the three-dimensional nature of the flow, this image 
verifies the existence of many expected gas-dynamic 
features. At the afterbody angular discontinuity, an 
oblique shock forms along the windward portion of the 
turn, while a Prandtl-Meyer expansion fan can be seen 
centered at the turn on the leeward edge. No clear 
evidence of lee-side boundary layer separation is 
evident in the schlieren photograph. Because the 
existence of lee-side separation vortices is related to the 
L/R ratio of the body,* the short length of this 
experimental afterbody apparently results in no lee-side 
flow separation occurring for the given freestream 
Mach number and angle-of-attack. At the trailing edge 
of the afterbody, another Prandlt-Meyer expansion fan 
is found centered on both the windward and leeward 
base edges, similar to that found in the zero angle-of- 
attack case. The existence of expansion waves centered 
at the lee-side base comer provides additional evidence 
concerning the lack of boundary layer separation along 
the lee-side of the afterbody. Farther downstream, the 
separated free shear layer (seen only faintly due to 
three-dimensional effects), a recompression shock 
system, and the trailing wake are evident. Downstream 
of the base comer, the observed base flowfield 
stmctures are qualitatively similar to those found in 



zero angle-of-attack flow, but are rotated to an angle 
roughly corresponding to the afterbody angle-of-attack. 
Also note from the location of the recompression shock 
system that the length of the recirculation region 
enclosed by the free shear layer appears to be quite 
short, which should correspond to a low base pressure 
(see below). 

Although difficult to clearly discern in the 
schlieren images, the boundary layer thickness may also 
be estimated along the afterbody. Just prior to the 
angular discontinuity on the afterbody, the boundary 
layer visual thickness is approximately 8/R = O.ll, 
comparing well with the 8/R = 0.10 value measured by 
LDV for the zero angle-of-attack case" (R = afterbody 
radius = 31.75 mm). Along the afterbody, a thin 
boundary layer is seen on the windward surface due to 
compression by the oblique shock, with a visual 
thickness of approximately 8/R = 0.07 at the base 
comer (x/R = 0). The boundary layer on the leeward 
side is difficult to discern, but appears to be much 
thicker, due to the expansion at the afterbody turn, than 
that on the windward side, with a visual thickness of 
approximately 8/R = 0.20 at x/R = 0. The three- 
dimensional afterbody boundary layer properties will be 
further quantified with fixture LDV measurements. 

Composite Mie scattering side-view images of 
the free shear layer, recirculation region, and wake 
along the (|»= 0° to (|) = 180° plane are included in 
Figure 7 for both a representative instantaneous view, 
part (a), as well as a twenty-image ensemble average, 
part (b). In these images, the wake appears much 
shorter than in the zero angle-of-attack case, where 
Herrin and Dutton' reported a rear stagnation point at 
x/R = 2.65, as determined by LDV measurements. 
Based on the apparent closing of the warmer 
recirculation region fluid in the average image, the 
stagnation point for this flow appears to occur at 
roughly x/R = 1.7. The instantaneous images also 
reveal the existence of large-scale turbulent structures 
along the shear layer and in the trailing wake. These 
structures appear to be qualitatively similar to those 
observed by Bourdon and Dutton" for supersonic 
axisymmetric base flow at zero angle-of-attack. 

Additional large-scale structures of this type 
can be observed by rotating the laser sheet to expose the 
(t» = -90 ° to (j) = 90 ° plane, as seen in Figure 8. In 
addition to the turbulent structure seen along the shear 
layer/recirculation region boundary and in the wake 
displayed in this view. Figure 8 also shows the presence 
of entrained lee-side freestream fluid along the flow 
centerline (bright seeded region), with warmer 
recirculation fluid extending much farther downstream 

than suggested in the (j) = 0 ° to 180" side view (Figure 
7). The origin of the seeded fluid along the centerline 
in Figure 8 will become clearer in the Mie scattering 
end views, which are discussed next. 

Mie scattering end views at four streamwise 
locations downstream of separation are presented m 
Figure 9, with the top of each image corresponding to 
the (|) = 180° (leeward) direction and with flow 
occurring out of the page. Note that although these 
images were obtained obliquely through the test section 
side windows, they have been rotated with image- 
processing software such that the mean-flow direction 
is normal to the page. These images suggest that the 
near-wake flow is highly three-dimensional in nature, 
with two large recirculation lobes that divide the flow 
along the (j) = 0 ° to 180 * axis and which decrease in 
size and become more elliptical as the flow moves 
downstream. These lobes develop because the flow 
along the afterbody is driven from the high-pressure 
windward side to the low-pressure leeward side as it 
moves downstream (see surface-flow visualizations 
presented below). After separation of the boundary 
layer at the base comer, this rotation of fluid from 
windward to leeward continues with the fluid meetuig 
at the (j) = 180° lee-side plane, where it is then driven 
down into the recirculation region. The separation 
between the lobes can be seen as the bright wedge of 
fluid moving downward into the dark recirculation 
region, until the lobes arc completely closed off at a 
downstream distance of approximately x/R = 1.7. This 
lee-side fluid entrainment is the same event that was 
noted as a bright region aUmg the centerline in the side 
view along the (|) = -90 * '90' plane in Figure 8. These 
persistent lobes seen in the end views suggest that the 
short wake recirculation region length compared to the 
zero angle-of-attack observed in the side-view schlieren 
(Figure 6) and Mie scattering (Figure 7) images is a 
phenomenon applicable primarily to the ((» = 0°/180° 
plane. 

In addition to these mean-flow features, the 
large-scale turbulent structures seen in these end views 
along the shear layer/recirculation region boundary 
appear qualitatively similar to those present in the zero 
angle-of-attack case.'^ In particular, the number of 
stractures around the shear layer periphery in the 
images from the ensemble at each location is relatively 
constant and they are relatively equally spaced. 
However, the number of these end-view stmctures 
decreases and their size increases as the flow develops 
downstream, indicating some kind of streamwise and/or 
helical stmcture almagamation process. 



Surface-Flow Visualizations 

An oil-streak visualization of the ^ = O' 
windward surface is included in Figure 10. Lines have 
been drawn onto this and succeeding surface-flow 
photographs to help emphasize the streakline directions, 
which are sometimes rather feint. This oil-streak 
pattern depicts the general structure of the surface flow, 
as fluid flows around the cylindrical body from the 
high-pressure windward portion of the afterbody 
towards the lower pressure leeward surface. This 
windward-to-leeward surface flow is most clearly seen 
in Figure 11, which shows the oil-streak pattern for the 
([»= -90* surface. This image clearly depicts the highly 
three-dimensional aspects of the surface flow. Fluid 
originating near the windward surface at the upstream 
oblique shock is driven far into the leeward region by 
the end of the afterbody, a change in ^ of nearly 90 * 
along the afterbody length of L/R = 3. Figure 12 
depicts the surface flow on the ^ = 180° leeward 
surface, where the surface streaklines appear to almost 
converge near the base comer. The convergence of 
surface streaklines is generally considered to be a sign 
of flow separation from a body." Although lee-side 
separation was not detected in the schlieren or Mie 
scattering images for the current afterbody length, it 
appears that separation would have occurred for a 
slightly longer experimental afterbody. 

Figure 13 depicts the surface flow on the base, 
with an oil-streak visualization included on the right 
side of the image, and the corresponding flow 
directions mapped on the left side of the image. Note 
that the arrows drawn on the plot do not scale to 
velocity magnitudes for the base flow, but rather simply 
indicate the flow directions. Also note that these 
directions were determined from many individual 
experiments in which discrete "dots" of the tracer were 
placed on the base and their temporal evolution was 
observed visually with the tunnel running. Two 
smgularities were noted in this surface-flow pattern, a 
node of attachment along the (}» = 0°/180° centerline 
just to the leeward side of the (ji = +90 */-90 ° line, and 
a saddle point on the (|) = 0 '/ISO" symmetry line about 
halfway between the base center and the windward 
edge. The general structure of the base-surface 
flowfield consists of flow away from the symmetry 
line, and surface flow from the windward-to-leeward 
edges. However, the node of attachment creates a 
region near the center of the afterbody where flow 
occurs from the leeward-to-windward regions. The 
surface flow appears to separate from the base along the 
afterbody edge from about <|) = 6100° to ([» = 180°, 
where the lowest surface pressures would be expected. 
Past research suggests that the number of nodes of 

separation and/or attachment must be at least two 
greater than the number of saddle points." On this 
angle-of-attack base, the convergence of surface oil 
streaklines around the (|> = ±120* points near the base 
edge suggests that nodes of separation would occur at 
both of these locations if the base radius was slightly 
larger. In fact, the separation regions along the leeward 
surfece edge of the base from ^ = ±100° to 180° 
effectively act as two nodes of separation on the base 
surface, thereby giving three attachment/separation 
nodes and one saddle point for the current base-surface 
flow. 

Pressure Measurements 

Surface pressure-tap measurements and 
pressure-sensitive paint measurements were made 
upstream of the angular discontinuity to verify flow 
uniformity in this axisymmetric region. In addition, the 
surface-pressure measurements were continued along 
the afterbody itself to determine the pressure proflles 
along the ^ = 0°, 90°, and 180° surfaces. These 
results are presented in Figure 14. Twenty-image 
ensembles were averaged to develop these proflles, and 
the profile data were computed by averaging across five 
pixels (corresponding to the tap diameter in the images) 
normal to tiie axial profile. A Savitzky-Golay 
smoothing filter was utilized to remove high-frequency 
noise from the profiles, where the minimum signal-to- 
noise ratio for any of the profiles was 44.6 on the 
(|) = 180° surface. Because the afterbody pressure- 
sensitive paint proflles were obtained in two images 
displaced axially from each other, a small region of 
overlap occurs on all three data sets. The regions of 
overlap have been included on all three distributions to 
demonstrate the repeatability of the data from the two 
views. 

The surface pressures at the various 
circumferential positions upstream of the angular 
discontinuity are mdeed relatively constant at the 
freestream value R, providing a static-to-stagnation 
pressure ratio of 0.0621, corresponding to a freestream 
Mach number of 2.46. The (}» = 0 ° windward-side 
surface pressure increases substantially at the angular 
discontinuity due to the oblique compression shock, 
then decreases modestly along the afterbody length 
before reaching the trailing edge. The static pressure 
along this ([) = 0 ° surface significantly exceeds that of 
either the ([) = 90° or 180° surfaces everywhere along 
the afterbody length. On the (ji = 180 * leeward surface, 
the surface static pressure drops across the expansion 
waves at the angular discontinuity, then increases along 
the afterbody surface up to the base comer. This 
increasing pressure along the leeward surface is the 



exact type of adverse pressure gradient that would lead 
to the eventual boundary layer separation that is 
expected along this sur&ce. In fact, the slight decrease 
in pressure at the very end of the (|» = 180' profile may 
suggest separation just before the base comer. 
However, tfiis decrease is within the experimental 
uncertainty of the pressure-sensitive paint data, (Up/P: = 
±0.05) and is more likely explained by the pressure 
matching that occurs with the <|> = 90' plane (see Figure 
15). Along this <|) = 90* side plane, there is a slight 
increase in pressure at the angular discontinuity, 
suggesting a weak compression shock there. The static 
pressure then decreases modestly along the afterbody 
length on this surface, to closely match the lee-side 
pressure distribution just prior to the base comer. Note, 
however, that the average base pressure ratio, 
(Pbase/P«>)ivg = 0.293, is Significantly less than the 
pressure immediately preceding separation of any of the 
measured afterbody pressure profiles. 

The strong circumferential pressure gradient 
just downstream of the angular discontinuity indicated 
in Figure 14 is clearly a major factor in the 
development of the three-dimensional structure of this 
separated flow. Along the afterbody surface, this 
pressure gradient drives a secondary flow from the 
high-pressure windward region towards the low- 
pressure leeward portion of the afterbody. This surface 
flow pattern is clearly seen in the previously discussed 
surface-flow visualizations. Figures 10-12. The 
presence of this windward-to-leeward secondary flow 
along the afterbody assists in the formation of the lee- 
side base vortices after separation, where the flow 
reaching the leeward side fi-om both the positive and 
negative ^ directions is then deflected into the base 
recirculation region, as suggested in the Mie scattering 
end views (Figure 9). 

A base-surface pressure contour map and 
radial base-pressure profiles along the (j) = 0', 90", and 
180° radii are included in Figure 15. Data reduction 
was completed in a manner identical to that utilized for 
the afterbody axial profiles, with only one modification. 
Profile data were computed by averaging eight pixels 
normal to the traverse direction because the image was 
zoomed in to a higher spatial resolution in the base 
image compared to the afterbody data. The entire 
contour map was averaged across the ^ = O'/ISO" 
symmetry line, with the average pressure difference 
between symmetric pixels at P/P; = 0.0005. It is 
important to note that the ordinate scales, P/Poo, on these 
plots are highly expanded, so that the trends in the data 
only constitute small static pressure variations, well 
wiMn the uncertainty of the pressure-sensitive paint 
measurements. 

Observation of the entire base pressure 
distribution confirms the small changes in pressure 
across the entire base, for which the maximum variation 
is only 4.5 percent. However, the small pressure 
variations seen in the contour map agree qualitatively 
with the surface-flow pattern observed m the oil-stre^ 
visualizations previously presented in Figure 13. The 
general windward-to-leeward surface flow trend 
suggested by the oil flow is confirmed by the slightly 
higher base pressure on the windward portion of the 
base compared to that on the leeward side. In addition, 
the lowest surface pressure on the entire base is 
observed along the leeward edge between about 
(() = 6100° and 180°, agreeing with the region where 
flow separates from the base surface as it is entrained 
by the free shear layer. Note that the three radial base 
pressure profiles indicate a general small increase from 
the base center outward, with the pressure at the base 
edge highest on the windward side and lowest on the 
leeward side. 

Using 71,291 equal-sized pixels of pressure- 
sensitive paint data across the base, the mean base-to- 
freestream static pressure ratio is calculated as 
(Pbase/Poo)«vg = 0.293. This base-pressure ratio 
corresponds to an average base-pressure coefficient of 
(Cp)base = -0.167, where (Cp)base is defined as follows. 

(C   \       -2[(Pbase/P»)-t] 
V-P/base ~ .,,2 yM^ 

(2) 

This base-pressure coefficient is 63.7% lower than in 
the zero angle-of-attack case,' corresponding to a 
reduction in the base-pressure ratio, PbasJP-., of 48.4%. 
Regardless of the method used to report the base 
pressure, it is clearly significantly reduced for flight at 
10° angle-of-attack, resulting in greatly increased base 
drag. Figure 16 compares the measured average base- 
pressure ratio in the current experiment to the data 
found by Moore et al." for a tangent-ogive forebody 
with a cylindrical afterbody such that L/R = 14.4. The 
current data point falls quite neatly onto the Mach 2.5 
curve at 10° angle-of-attack. This agreement may be 
purely coincidental, however, since the Moore et al. 
data correspond to a tangent-ogive cylindrical body 
with a pointed nose and L/R = 14.4, while the current 
geometry consists of a 10° turn of a constant-diameter 
sting with L/R = 3.0. It is also possible that this 
agreement suggests a weak dependence of base 
pressure on L/R in comparison to its dependence on 
a and Mach number. 



Summary and Conclusions 

The supersonic Mach 2.46 flow about a 
cylindrical afterbody at a 10* angle-of-attack has been 
studied using schlieren photography, Mie scattering 
visualization techniques, oil-streak surface visualization 
methods, and pressure-sensitive paint measurements. 
This study permits determination of the general 
structure of this three-dimensional, separated, 
compressible flow and provides understanding of the 
fluid dynamic processes that occur for cylindrical base 
flows when inclined at angle-of-attack. Based on the 
visualization images and surface pressure 
measurements, the following conclusions may be 
drawn. 

(1) Mean flow gas-dynamic structures, with 
the exception of the lee-side vortices in the near-wake, 
appear qualitatively similar to the zero angle-of-attack 
case, but are rotated approximately to the afterbody 
angle-of-attack. These structures include Prandlt- 
Meyer expansions centered at the base comer, a free 
shear layer, an enclosed recirculation region, 
recompression shocks, and a trailing wake. In addition, 
large-scale turbulent structures in the recirculation and 
trailing wake regions appear qualitatively similar to the 
zero angle-of-attack case. 

(2) Although no flow separation appears to 
occur along the afterbody, the three-dimensionality of 
the flowfield created by the 10* angle-of-attack results 
in the development of symmetric three-dimensional lee- 
side vortex lobes in the near-wake that complicate the 
separated flow structure compared to the zero angle-of- 
attack case. Detailed investigation of the interaction of 
these vortex lobes with the base recirculation region is 
needed to determine their effect on the flow behavior. 

(3) Surface-flow visualization along the 
afterbody provides evidence as to the strength of the 
three-dimensionality for Mach 2.5 flow at 10* angle- 
of-attack. The convergence of surface streaklines along 
the lee-side afterbody surface suggests the potential for 
flow separation along the afterbody. However, no 
visualization evidence or pressure measurements 
suggest that flow separation actually occurs for Mach 
2.5 flow at 10' angle-of-attack for an afterbody length- 
to-radius ratio of 3.0. Increase in any of these values 
could result in afterbody flow separation, however. 

(4) Surface-pressure measurements along the 
afterbody suggest a strong circumferential pressure 
gradient between the windward and leeward surfaces. 
This gradient provides the driving force for a 
circumferential secondary flow, resulting in the 
entrainment of flow fi-om the leeward region into the 

base recirculation region along the (|> = 0*/180* center 
symmetry plane. 

(5) The base pressure is approximately 
uniform spatially, but the small changes present on the 
base surface serve as the driving force for a 
complicated surface flow pattern. This flow pattern is 
characterized by a windward saddle point and leeward 
node of attachment on the (|) = 0*/180* line, with flow 
generally moving in a windward-to-leeward direction, 
and with separation occurring from the base in the 
<|) = 6100*/180* range along the leeward edge. 

(6) The average base-pressure ratio measured 
for the 10* angle of attack case is 48.4% lower than the 
zero angle-of-attack case. This reduction in base 
pressure greatly increases the base drag for supersonic 
flight at angle-of-attack. This average base pressure 
ratio agrees closely with that of Moore et al." for a 
tangent-ogive forebody with a much larger L/R (14.4) 
than the current afterbod> (3.0), although this 
agreement may be fortuitous 
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Figure 2 Schematic of axisymmetric wind tunnel 
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Figure 3 Schematic of front sting-supported angle-of-attack afterbody and coordinate system 
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Figure 4 Mie scattering equipment schematic (Ref 18) 
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Figure 5 Test section and PSP equipment schematic (Ref. 17) 

Figure 6 Composite schlieren side-view photograph of flowfield 
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Figure 7 Composite (a) instantaneous and (b) average Mie scattering side-view images of recirculation 
region and wake in the <t» = 0 ° /180" plane 

(b) 

Figure 8 Composite (a) instantaneous and (b) average Mie scattering side-view images of recirculation 
region and wake in the (j) = -90 ° /+90 ° plane 
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x/R = 0.75 

x/R=1.0 

x/R=1.5 

x/R = 2.0 

Figure 9 Mie scattering instantaneous (a,c,e,g) and average (b,d,f,h) end-view images at four 
streamwise locations: x/R = 0.75, x/R = 1.0, x/R = 1.5, x/R = 2.0. Approximate size 
of image (a) is 50 mm x 45 mm. All other image sizes scale to (a). 
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Figure 10 Oil-streak visualization of (j) = 0 ° windward surface 

Figure 11 Oil-streak visualization of (|) = -90 ° surface 
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Figure 12 Oil-streak visualization of (t» = 180 * leeward surface 
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Figure 13 Oil-streak visualization of base surface 
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AIAA 99-3584 

Planar Velocity Measurements in a Weakly Compressible Mixing Layer 

Michael G. Olsen* and J. Craig Duttont 
Department of Mechanical and Industrial Engineering 

University of Illinois at Urbana-Champaign, Urbana, IL 61801 USA 

High-vector density planar velocity fields were obtained for a weakly compressible mixii^ layer 
using particle image velodmetry (PIV). The velocity ratio of the mixing layer was 0.53, the density ratio was 
0.67, and the convective Macfa number was 0.38. At the location where the PIV images were obtained, 
Rex = 3.7 X 10^ and Reg = 1.8 x 10^   The instantaneous planar velocity fields fall into three regimes 

characterized by the size and number of lai^e-scale structures present The large-scale rollers are either 
circular or elliptical, with the elliptical roUers having, in general, horizontal major axes. The transverse 
velocity fluctuations and Reynolds shear stress are suppressed for the weakly compressible mixing layer as 
compared to the incompressible case. The spatial correlations of velocity fluctuations are also a smaller 
fraction of the mixing layer thickness than for an incompressible mixing layer. The linear stochastic estimate 
of a roller structure is elliptical with the major axis oriented in the streamwise direction and with an 
eccentricity greater than for the incompressible case. The linear stochastic estimate of a braid suggests that 
the braids are verticaUy oriented, as opposed to the oblique orientation seen in incompressible mixing layers. 
In addition, the braids in the weakly compressible case have a vertically oriented stagnation Une, as opposed 
to the braids in the incompressible mixing layer where stagnation occurs at a point 

Introduction 

Although it is a geometrically simple flowfield, the 
mixing layer (or shear layer) is of great practical 
importance since it appears quite often in engineering 
practice. The boundary region of a jet, the slip-stream 
behind a wing, and the interface between a recirculation 
region and a freestream are just a few examples of 
flowfields containing mixing layers. A typical 
geometry for a mixing layer experiment is shown in 
Figure 1. The subscript 1 is used to indicate the 
properties of the high-speed stream, while the subscript 
2 denotes the low-speed stream properties. The 
velocity profile shown is that of the mean streamwise 
velocity. 

Incompressible mixing layers have been studied 
experimentally since the 1940s, and, as such, a large 
volume of experimental data exists for them for a wide 

range of mixing layer attributes including growth rate, 
mean and fluctuating velocities, vorticity, scalar 
transport and mixing, as well as the effects of varying 
flow parameters on these attributes. While not nearly 
as extensive, similar experimental data exist for 
compressible mixing layers, as well. One type of 
measurement that is lacking for both incompressible 
and compressible mixing layers, however, is 
instantaneous planar velocity measurements. 

Experiments'"' have demonstrated that even for 
identical velocity and density ratios, compressible 
mixing layers grow more slowly than incompressible 
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Figure 1 Schematic of a mixing layer. 
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mixing layers. Fiuther experimentation*"' has sliown 
that it is a compressibility effect, and not just density 
ratio differences, between the two freestreams that 
accounts for the lower growth rates of compressible 
mixing layers. 

Bogdanoff* introduced the convective Mach 
number Mc as a parameter for isolating the effects of 
compressibility in mixing layers. When the specific 
heat ratios, y, and y^ > °^ *he two streams are equal, 

the convective Mach numbers of the two streams are 
equal, and are given by 

M, _ "1 u, -u, 

a, +a. 
(1) 

where Uj and Ujare the velocities of the high-speed 

and low-speed freestreams, and aj and a 2 are their 

respective speeds of sound. For Mc less than 
approximately 0.6, the convective Mach number 
effectively collapses the growth rate data for 
compressible mixing layers to a single curve when the 
growth rates are normalized by the growth rate of an 
incompressible mixing layer with identical velocity and 
density ratios. For Mg > 0.6, however, the convective 

Mach number is less effective in correlating the growth 
rate data.'° 

In their seminal paper on incompressible mixing 
layers. Brown and Roshko' found that large-scale, two- 
dimensional roller structures dominated the fiowfield. 
Large-scale    structures     are     also     observed     in 
compressible mixing layers, with the topology and 
behavior of these structures highly dependent on the 
level of compressibility (i.e., the convective Mach 
number).   Using a Mie scattering technique, Clemens 
and Mungal" and Messersmith and Dutton'^ found that 
at low Mc, two-dimensional Brown-Roshko-type roller 
structures dominate the mixing layer. However, as the 

" convective Mach number is increased, these two- 
^ dimensional structures first become oblique, and then as 
:Mc becomes large, the large-scale structures become 
[1 highly three-dimensional, elliptically or polygonally 
^shaped,  and jagged with long filament-like braids. 
tUnlike the roller structures found in incompressible 
|inixing layers, these three-dimensional structures are 
pot well organized spatially. Similar results were found 
'iy Elliott et al." using filtered Rayleigh scattering and 
|P additional experiments by Clemens and Mungal'* 
iiising planar laser-induced fluorescence. 
1^    Some studies of the temporal evolution of large- 
tscale structures in conqjressible mixing layers have also 
^n performed.   Mahadevan and Loth" used high- 

speed schlieren photography and laser sheet 
cinematography to visualize a shear layer with 
Mj =0.76. Among their findings was that large-scale 
structures stretch and tilt down as they convect 
downstream. Elliott et al.'* performed double-pulsed 
Rayleigh scattering experiments on compressible 
mixing layers with convective Mach numbers of 0.51 
and 0.86. In their lower convective Mach number case, 
they observed large-scale structure behavior similar to 
diat seen in incompressible mixing layers. At this 
convective Mach number, roller-structure pairing was 
observed. However, at the higher convective Mach 
number, roller-structure pairing was not seen. Instead, 
the large-scale structures were observed to tear and 
stretch. 

Velocity measurements have also been made in 
compressible mixing layers using laser Doppler 
velocimetry (LDV). Goebel and Dutton" performed 
velocity measurements over a range of convective 
Mach numbers. One of their major findings was that 
the transverse turbulence intensity and Reynolds shear 
stress decreased with increasing convective Mach 
number, while the streamwise turbulence intensity 
remained nearly constant. Similar results were obtained 
by Samimy and Elliott," although they found the 
streamwise turbulence intensity to decrease somewhat 
with increasing Mc. 

Planar velocity data for compressible mixing layers 
are virtually nonexistent. To the authors' knowledge, 
the only experiments that have been performed to date 
are those by Urban et al.""^' TTieir experiments 
consisted of PIV measurements for compressible 
mixing layers over a range of convective Mach 
numbers fi'om 0.24 up to 0.79. They found that at low 
convective Mach numbers, the instantaneous vorticity 
fields contained discrete peaks, indicative of large-scale 
structures. However, as the convective Mach number 
was increased, the vorticity field instead contained thin 
sheets of vorticity rather than peaks, suggesting a 
breakdown in the large-scale structures. They also 
measured turbulent velocity fluctuations and Reynolds 
stresses and found the same compressibility effects as 
Goebel and Dutton." 

The work presented here consists of instantaneous, 
planar velocity field data for a weakly compressible 
mixing layer. To obtain these measurements, a series 
of particle image velocimetry (PIV) experiments was 
performed. These velocity fields were then analyzed to 
provide insight into the characteristics and behavior of 
large-scale structures found in the weakly compressible 
mixing layer and the effects of compressibility on these 
structures. 
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Figure 2 Mixing layer facility schematic. 

Experimental Facilities and Equipment 

Wind Tunnel 
The flow facility designed for these experiments is 

of the blowdown-type. High-pressure air is supplied by 
an IngersoU-Rand compressor that supplies 1200 SCFM 
at an operating pressure of 115 psig. The high-pressure 
air from this compressor first flows into several 
interconnected pressure vessels with a total volume of 
150 m'', collectively known as the tank farm. The air 
from the tank farm enters the laboratory through a 6- 
inch diameter pipe. The flow to the test section is 
regulated using a 6-inch Fisher control valve, and after 
passing through the control valve, the air enters the 
facility stagnation chamber. 

Figure 2 is a schematic of the test section used in 
the mixing layer experiments. Two 3-inch diameter 
pipes supply air to the top (high-speed) and bottom 
(low-speed) streams. The pipe to the bottom stream is 
fitted with a globe valve to allow for throttling. Each of 
the two streams is conditioned by a combination of 
three screens and one honeycomb insert to provide 
uniform flow and reduce the freestream turbulence 
intensity. The high-speed stream contains a 
converging-diverging nozzle designed for Mach 2 flow. 
The low-speed stream contains a converging nozzle 
with a 6:1 area contraction ratio. The two streams 
come together at the tip of the splitter plate. The 
splitter plate has been machined such that it is only a 

few hundredths of a millimeter thick at its tip with a 3 
degree included angle between the two streams. The 
test section is 63.5 mm high. 102 mm wide, and 356 
mm long. 

Seeding 
For the PIV experiments, the flow must be seeded 

with particles that are small enough to accurately follow 
the flow. The particles used in thcic experiments were 
titanium dioxide (Ti02) particles with an average 
diameter of 0.4 |im. An analysis of the dynamics of 
particles in a compressible mixing layer was performed 
by Samimy and Lele,^ and their results were used to 
determine the effectiveness of the seed particles used in 
these weakly compressible mixing layer experiments. 
For the current experiments, the particle Stokes number 
had a value of T = 0.041. In theu- analysis, Samimy and 
Lele found that for x < 0.05, the error in velocity 
measurement due to particle slip was negligible. Thus, 
for the present experiments, the titanium dioxide 
particles should closely follow the flow. 

Particle Image Velodmetry System 
The particle image velocimeter used in the current 

experiments consists of acquisition and interrogation 
systems. The acquisition system includes the lasers, 
beam-shaping optics, and 35 mm camera used to obtain 
the particle image photographs of the flowfield. The 
interrogation system is comprised of the CCD camera, 
light source, positioning system, controlling computer, 
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Figure 3 Schlieren photograph of the weakly compressible mixing layer. 

and digital signal processors necessary to calculate 
vector fields from the PIV photographs. 

The acquisition system used in these experiments 
was designed explicitly for high-speed flows, and 
therefore contains several features quite different from 
those found in a system used for low-speed flows. The 
lasers used in the acquisition system are a pair of 
Continuum YG681C-10 lasers, which are Nd:YAG 
lasers that emit 532 nm light at a pulse repetition rate of 
10 Hz. The high pulse energy (550 mJ per pulse) of 
these lasers is necessary to illuminate the small particles 
used in these experiments. The short duration (6-8 ns) 
of the laser pulses is desirable because this eliminates 
any blurring of the particle images due to motion during 
the pulse. 

The PIV photographs were obtained using a Canon 
EOS 35 mm camera. The camera was fitted with a 
100 mm focal length lens. This lens has a maximum f* 
of 2.8, but for the weakly compressible mixing layer 
experiments, the lens aperture was partially closed, 
resulting in an f* of 6.7. 

A critical factor in the acquisition of the PIV 
photographs is accurate timing of the laser pulses. The 
timing of the acquisition system was controlled by a 
Stanford Research Systems DG535 digital delay pulse 
generator. A small uncertainty in the time separation of 
the laser pulses is present due to the pulse jitter of each 
laser, which is approximately 1 ns. The DG535 has a 
timing resolution of 5 ps, but this is much smaller than 
the pulse jitter and can thus be ignored. For the weakly 
compressible mixing layer experiments, a time 
separation of 400 ns between laser pulses was used, 
resulting in an experimental uncertainty due to pulse 
jitter of ±0.25%. 

The interrogation system used to compute the 
velocity vector fields from the PIV photographs is 
controlled by a 90 MHz Pentium computer. The 
photographic negative is placed in a glass sandwich and 
small regions of the photograph are imaged onto a CCD 
camera. A two-axis positioner controls the location of 
the negative, allowing different regions of the recorded 
flowfield to be imaged.    A frame grabber residing 

within the host computer digitizes the image, and the 
digitized image is then sent to a digital signal 
processing (DSP) board containing two Texas 
Instruments TMS320C44 processors. The DSP board 
performs a cross-correlation analysis on the digitized 
image to find the velocity vector at each interrogation 
spot location. The system is capable of computing 
about 6 vectors per second. 

The experimental uncertainty of the PIV 
measurements must be addressed. In a detailed study of 
interrogation accuracy, Prasad et al.^ found that when 
particle images are well resolved during digitization, 
the uncertainty of the measurement is equal to roughly 
one-tenth of the particle image diameter. A particle 
image is considered to be well resolved when the ratio 
of the particle image diameter to the size of the CCD 
pixel when projected back onto a photograph is 
<^image/<*pixel =4.   In the experiments presented here, 

the particle diffraction-limited spot size is 40 nm. Each 
128 X 128 pixel interrogation spot is 1200 |im x 1200 
|im,  thus   dpijtei =9.38   jun.     It follows then  that 

<liinage/dpi«i =4.3,   SO   that   the   images   are   well 

resolved. Approximating the measurement uncertainty 
as one-tenth of the particle image diameter yields an 
uncertainty of 4 \ua. In the current experiments, the 
bottom freestream velocity corresponds to a 
displacement of 113 |xm and the top freestream velocity 
corresponds to a displacement of 216 ^m. Thus, for 
these experiments, the measurement uncertainty is 
±3.5% for the bottom freestream and ±1.9% for the top 
freestream. 

Experimental Results and Discussion 

For the weakly compressible mixing layer 
experiments, the top and bottom freestream velocities 
were set at 510 m/s and 270 m/s, respectively. This 
corresponds to a velocity ratio of r = U2/ui =0.53. 
Because static temperature is dependent on Mach 
number m homenergetic flow, the two freestreams have 
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dififerent static ten^eratures, and thus different 
densities. For the flow conditions used in these 
experiments, the density ratio was s = pj/Pi = 0.67. 

Another important parameter to consider is the 
convective Mach number. For these experiments the 
convective Mach nimiber is 0.38. Compressibihty 
effects begin at approximately M^ =0.3, but do not 

become dominant until around Mj=0.6.   Thus, in 

these experiments, there should be some 
compressibility effects present, but these effects should 
be rather weak. Even so, the planar velocity 
measurements presented and discussed below show 
some significant differences with corresponding results 
for incompressible mixing layers. 

Schlieren Photography 
A composite schlieren photograph of the weakly 

compressible mixing layer is shown in Figure 3. Little 
evidence of turbulent structure can be seen in the photo 
until the downstream half of the flowfield. While some 
braid-like structure is present in this region, dominant, 
rounded, Brown-Roshko rollers are clearly not evident. 

Among the other features visible in this figure are 
weak disturbance waves in the top (supersonic) 
freestream. There is a disturbance wave emanating 
from a point on the top wall upstream of the tip of the 
splitter plate that then propagates downstream. This 
wave is caused by the seam where the top window 
frame fits into the top wall of the test section. Another 
disturbance, a weak oblique shock wave, is formed at 
the dp of the splitter plate, and it also propagates 
downstream, reflecting off both the top wall of the 
tunnel and the mixing layer. This oblique shock wave 
is caused by the slight mismatch in static pressure at the 
splitter plate tip and by the 3 degree angle of 
convergence of the two freestreams at the tip. A final 
disturbance is observed just upstream of the location 
where the two photographs are spliced together. This is 
formed at the location where the top window is epoxied 
into the window frame. Since there is no perceptible 
turning of the mixing layer at the locations where all 
these disturbance waves intercept it, each of the waves 
is weak. However, the intermittent nature of the wave 
generated at the splitter plate tip does influence the 
velocity measurements in the top freestream to a small 
extent, as will be shown shortiy. 

One quantitative observation that can be made 
from the schlieren photograph is an estimate of die 
mixing layer growth rate. First, the ratio of the visual 
thickness of the mixing layer, as measured from the 
schlieren photograph, to the vorticity thickness of the 
weakly compressible mixing layer, as determined using 
PIV measurements, must be made.   At the location 

-» ISOmft 

Figure 4 A typical weakly compressible mixing 
layer vector field. This velocity field is in the first 
regime. 

where the PIV photographs were obtained, the vorticity 
thickness of the mixing layer was found to be 13.5 mm, 
and the visual mixing layer thickness in the schlieren 
photograph is 17 mm, tiius, S^i/^yns =0.79. This ratio 

is assumed to be constant over the entire range of the 
schlieren photograph. The growth rate for the weakly 
compressible mixing layer is then estimated from the 
schlieren photograph as d8^/dx = 0.038. According 

to Dutton," the expected vorticity-thickness growth rate 
for an incompressible mixing layer can be calculated 
using 

^d8,^ 

dx 
= 0.165ilz£Xl±£!i) (2) 

incompressible f +rs'^ 

which, for the present mixing layer experiment, yields 
d5^/dx = 0.049. Thus, the growth rate of the current 

mixing layer is only 78% of the growth rate for an 
incompressible mixing layer with identical velocity and 
density ratios. This growth-rate reduction agrees well 
with previous experimental results for convective Mach 
numbers near the current 0.38 value.^ 
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Figure 5 A velocity vector field for the weakly 
compressible mixing layer in the second regime. 
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Figure 6 A velocity vector field for the weakly 
compressible mixing layer in the third regime. 

Particle Image Velocimetry Measurements 
Measurement Parameters 
An ensemble of 37 PIV velocity vector fields was 

obtained at a location 220 mm downstream of the tip of 
the splitter plate. The limited size of this ensemble is a 
testament to the difficulty of obtaining uniform and 
sufficient seed particle density to obtain successful PIV 
vector fields in high-speed flows. An interrogation spot 
size of 1.2 mm was used, and with 50% overlap 
between adjacent interrogation spots, this results in a 
spatial resolution of 0.6 mm in both the x- and y- 
directions. The vector fields measure 70 x 70 vectors. 

As mentioned previously, the vorticity thickness of 
the weakly compressible mixing layer at the 
measurement location is 13.5 mm. Thus, there are 22.5 
velocity vectors measured across the thickness of the 
mixing layer, providing good spatial resolution of the 
large-scale turbulence. At this downstream location, 
the Reynolds numbers based on distance from the 
splitter plate tip and local mixing layer vorticity 
thickness are Re, =3.7 x 10* and Reg^^ =1.8 x 10^ 

respectively. Goebel and Dutton" found in their 
compressible mixing layer experiments that self- 

similarity was achieved for  Reg  > 10^.    Thus, it 

should be safe to assume that in the current experiment 
Ae mixing layer is fully developed with respect to both 
mean and turbulence quantities. 

Instantaneous Velocity Field Results 
A typical instantaneous velocity field for the 

weakly compressible mixing layer is shown in Figure 4. 
In this, and each of the velocity vector fields presented, 
all of the measured velocity vectors are shown. Thus, 
Figure 4 has a resolution of 70 x 70 vectors. Also, in 
this vector field and in all vector fields presented 
herein, the convective velocity of 390 m/s has been 
subtracted from each of the vectors to make the large- 
scale structures more apparent The coordinate system 
used is such that the tip of the splitter plate is at (0,0). 
In Figure 4, two large Brown-Roshko-like roller 
structures can be seen near the left and right center of 
the image with a braid region between them. In this 
image and other images of the mixing layer, the 
presence of three-dimensionality and small-scale 
structures can make identification of large-scale 
structures difficult. 

Another feature of the fiowfield that can be 
observed in Figure 4 is the presence of a weak oblique 
shock wave in the top freestream. On the feft side of 
the vector field, the top freestream vectors have a small 
downward velocity component. However, a weak 
oblique shock wave can be seen beginning near 
X = 228 mm, y = 6 nun and extending diagonally up 
into the top freestream. This shock wave has the effect 
of slightly turning the flow such that the velocity 
vectors in the top freestream to the right of the shock 
wave have a small upward velocity component.   The 
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shock wave would hardly be visible at all if the large 
convective velocity had not been subtracted away. The 
shock wave is not present in all of the vector fields, and 
when it is present, it has varying strength. Because of 
the intermittency of its occurrence, this shock wave is 
thought to be the result of small pressure mismatches at 
the splitter plate tip. When the pressures are perfectly 
matched, there is no shock wave, but any variation 
between the pressures of the two freestreams will cause 
a weak shock wave or expansion fan to appear. The 
effect of these weak waves in the high-speed fi-eestream 
will be discussed again later. 

While Figure 4 is a typical result for the velocity 
vector field, it is in no way representative of all the 
vector fields. Indeed, the individual velocity fields 
comprising the ensemble fall predominantly into three 
different regimes. The first regime is typified by the 
vector field in Figure 4, and is characterized by large- 
scale Brown-Roshko-like roller structures similar to 
those observed in incompressible mixing layers, except 
with more three-dimensionality and small-scale 
sttucture superimposed on the rollers. 

The second regime contains vector fields similar to 
the one shown in Figure 5. This velocity field has a 
number of smaller roller structures, some of which are 
moving at different convective velocities than the 
others. For example, there is one roller structure at 
(226 nun, -1 mm), another at (236 mm, -2 mm), a third 
at (250 mm, -2 mm), and a fourth at (255 mm, -3 mm). 
The second, third, and fourth roller structures are not as 
easily visible as the first, most likely because they are 
moving at a different convective velocity than the first. 

so that the circulation pattern about these structures is 
not as readily apparent. Also, each of these structures is 
smaller than the two large structiues present in Figure 
4. 

An example of a velocity vector field in the third 
regime is presented in Figure 6. This vector field 
contains little evidence of large-scale structures, and 
instead appears to be dominated by small-scale 
structures. There may be a small roller structure 
located near (230 mm, -2 mm), although it is apparently 
moving at a convective velocity different from 390 m/s. 
In addition, there appears to be a stagnation region at 
(245 nun, -2 mm), but other than these two features, 
there are no readily discernible large structures. The 
three flow regimes observed in these experiments are 
consistent with previous flow visualization 
research,'^'*" where large variability in flow structure 
was seen in the image ensembles for compressible 
mixing layers. 

Structure Pairing 
In incompressible mixing layers, one mechanism 

for mixing layer growth is the pairing of two or more 
large-scale structures into a larger structure. This 
pairing process has also been observed in the current 
weakly compressible mixing layer. One example of a 
possible roller pairing is presented in Figure 7. In this 
figure, there is a horizontally oriented elliptical roller 
structure with a smaller, circular roller structure to its 
lower right. These two roller structures appear to be 
well into the pairing process, as the stagnation region 
between them has completely disappeared.   There is 
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Figure 7 Close-up of the interaction of two roller 
structures showing a possible pairing. 

Figure 8 Close-up of the interaction of two roller 
structures showing late stages of a possible pairing. 
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Figure 9 Mean u-velocity profile as measured 
byPIV. 
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Figure 10 Mean v-velocity profile as measured 
byPIV. 

also a large region of circulation around both of the 
rollers, indicating that the two structures have begun to 
act as a single structure. 

Figure 8 shows another pair of roller structures in 
the process of pairing to form a larger structure. These 
two structures have nearly completed the pairing 
process. There is a large, circular roller sttucture 
centered at (230 mm, -1 mm), and to its lower right the 
remnants of a smaller structure can be seen. This 
smaller structure appears as a small bump on the larger 
roller structure and is somewhat difficult to discern. 

Each of the velocity fields in the ensemble that 
depict roller pairing are similar to those in Figures 7 
and 8 in that the trailing roller is always at an angle of 
^proximately 45 degrees and above the leading roller. 
TTie two interacting roller structures are never observed 
to be oriented with one on top of the other. Although 
the ensemble size is certainly small, this might suggest 
that for the weakly compressible case, instead of the 
"rotational pairing" that is observed in incompressible 
mixing layers, the two rollers merge by a "slapping" 
mechanism in which there is litUe rotation of the 
structures about each other. This would be consistent 
with the Mie scattering cinematography results of 
Mahadevan and Loth'^ for coiiq)ressible mixing layers. 

Mean Velocities and Reynolds Stresses 
Although the ensemble of 37 velocity vector fields 

is small, a method was devised to obtain more reliable 

velocity statistics for the PIV vector fields. Mean 
velocity and Reynolds stress profiles were created by 
collapsing the 70 columns of velocity vectors in each of 
the vector fields into a single colunm. Some error is 
introduced in doing this because the mixing layer does 
grow as it moves downstream, and thus it is thicker on 
the right edge of the vector field than on the left. The 
growth rate is small, however, and thus, its effect is 
believed to be negligible. This collapsing of the 
velocity field results in an ensemble of 2590 
realizations at each transverse location, an ensemble 
large enough to provide reliable velocity statistics. 
These are not 2590 independent realizations, however, 
as multiple realizations are obtained from a single 
velocity vector field, but rather represent velocity 
measurements obtained at high-data density over a 
relatively limited number of turbulent structures. 

The mean u-velocity profile as measured by PIV is 
shown in Figure 9. It has the same error-function shape 
as the fully developed mean u-vclocity profile for the 
incompressible mixing layer.' The y-axis has been 
normalized by the vorticity thickness, a procedure that 
will be followed in all of the profile plots presented. 
Also, in this figure and in the other velocity profiles to 
follow, yo is defined as the point were the mean u- 
velocity is equal to the average of the top and bottom 
fi'eestream velocities. 

- *5 

4).02        .0.01 0 0.01 OO: 0.03 0.04 
Reynolds SDEu'lALn' 

Figure 11 Reynolds stress profiles as measured 
by PIV. 

The mean v-velocity profile is shown in Figure 10. 
This velocity profile has both a negative peak in the 
upper portion of the mixing layer and a positive peak in 
the lower portion, indicating entrainment of fluid into 
the mixing layer from each of the ft^estreams. In 
addition, the peaks are skewed toward the high-speed 
stream. This phenomenon was also observed in similar 
PrV experiments performed for an incompressible 
mixing layer," but for the weakly compressible mixing 
layer, the effect is much more pronounced. Another 
point to note is that die magnitudes of the v-velocity are 
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Table 1 Comparison of turbulence quantities for 
compressible mixing layer experiments. 

Experiment R*. Re.. M. (U'VAU (V)/AU [(UV)/{AU)^ 

Prcsont 3.7x10* 1.8x10' OM 0.19 0.13 0.010 

OoelKlaiKl 
Dutton" 

3.1x10* 
4.1x10* 

7.0x10* 
1.3 xlC 

0.20 
0.4« 

0.22 
0.17 

0.15 
0.10 

0.017 
0.0086 

Uibuud 
MiiBgal"- 

3.4x10* 
33x10* 

1.3 X-10* 
4.0x10* 

0.25 
0.63 

0.17 
0.16 

0.13 
0.09 

0.012 
O.OOS 

Samimyuid 
Elliott" - 

- 0.51 
o.« 

0.16 
0.15 

0.11 
0.10 

0.008 
0.008 

small, compared to those for the incompressible mixing 
layer. In the top fireestream, the peak in mean v- 
velocity is only -0.035AU, and in the bottom freestream 
the peak in mean v-velocity is only 0.047AU. For the 
incompressible mixing layer, however, the peak in 
mean v-velocity in the top freestream was -0.36AU, 
and in the bottom freestream, the peak in mean v- 
velocity was 0.16AU.^* This indicates that mass 
entrainment into the mixing layer from each of the 
freestreams is greatly reduced in the weakly 
compressible case. 

The Reynolds stress profiles are shown in Figure 
11. The Reynolds normal stresses, <u'u'> and <vV>, 
are seen to peak near the center of the mixing layer and 
decay moving away from the center of the mixing layer. 
Although <v'v'> increases in the top freestream, this is 
not caused by increased turbulence in the top 
freestream, but is instead a result of the slight turning of 
the velocity vectors in those vector fields that contain 
the oblique shock wave. In each of the individual 
vector fields, there is low turbulence in the top 
freestream. However, the v-velocity in the top 
freesfream varies from vector to vector depending on 
whether or not the oblique shock wave is present, and 
this creates "false turbulence." The Reynolds shear 
stress <u'v'> also peaks at the center of the mixing layer 
and decays moving towards the freestreams and has the 
expected negative values. 

In previous PIV measurements of an 
incompressible mixing layer,^^ which were performed 
at a Reynolds number of Reg^ =1.1 x 10\ the peak 

values of <u•u'>/(AU)^ <vV'>/(AlJ)^ and <\i'v'>/(AUf 
Were 0.036, 0.035, and -0.016, respectively. For the 
current weakly compressible mixing layer, these same 
quantities have peak values of 0.036,0.017, and -0.010. 
This suppression of <v'v'> and <u'v'> with increasing 

220  225  230  235  240  245  250  255  260 

x(nmi) 

•30000 -20000 -10000  0   10000 20000 

Vorticity(s') 

Figure 12 Instantaneous vorticity field for the. 
weakly compressible, mixing layer. 

compressibility is consistent with previous 
compressible mixing layer research." Generally, 
turbulence intensities (square root of normal stresses) 
are presented in the literature and not the Reynolds 
stresses. The peak values of the turbulence intensities 
and also the Reynolds shear stress are shown in Table 
1, along with the results fcom previous experiments for 
convective Mach numbers near the current value of 
0.38. Although none of the previous experiments were 
performed at exactly the same Mc as the present 
experiment, the current results do seem to agree with 
the previous results quite well. 

Vorticity andStrain Rate 
One major advantage of PIV over other 

velocimetry techniques is that the instantaneous nature 
of die PIV planar velocity fields allows for the 
calculation of instantaneous derivative quantities such 
as vorticity and strain rate. Figure 12 is the 
mstantaneous vorticity field for the velocity field shown 
in Figure 4. PIV results for an incompressible mixing 
layer^ revealed that, in general, negative peaks in 
vorticity correspond to the centers of roller structures. 
There are several negative peaks of vorticity in Figure 
12, and the two largest of these do seem to correspond 
to the roller structures seen m the velocity field. There 
are other, smaller vorticity peaks in Figure 12, and 
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Figure 13 Instantaneous shear strain rate field 
for the weaklv compressible mixinu layer. 

these are due to the presence of small-scale turbulence 
in the mixing layer. Tliere is also non-zero vorticity in 
each oF the freestreams due to small-scale turbulent 
structures located there. 

The instantaneous shear strain rate field for the 
velocity field shown in Figure 4 is presented in Figure 
13. The incompressible mixing layer PIV experiments 
indicated that, in general, negative peaks in strain rate 
corresponded to the location of braids. Such a negative 
peak in strain does occur directly below what visually 
appears to be a braid in the velocity vector field of 
Figure 13. The tact that the two do not coincide is most 
likely a consequence of the braid moving at a 
convective velocity different than the theoretical value. 
There are also positive peaks of shear strain in the 
mixing layer, and these generally correspond to the 
roller structures. Some non-zero strain peaks are seen 
in both the top and bottom freestreams. a consequence 
once again of freestream turbulence. 

Spatial Correlations 
Because of the instantaneous two-dimensional 

nature of the PIV vector fields, spatial velocity 
fluctuation correlations can be easily determined. First, 
spatial correlations were calculated using thirteen basis 
points in each vector field. These basis points were all 
on the centerline of the mixing layer and equally spaced 

in the x-direction. For each of these points, the spatial 
correlation was calculated as 

(u;(x,y)u^(x,y;X,Y)) = 

u;(x,y)u'j(x + X,y + Y)       (3) 

where PC,Y) are the coordinates of the basis point, and 
(x,y) are the displacements from the basis points. For 
these calculations, the area A over which the spatial 
correlation is calculated is a square of 41 vectors by 41 
vectors centered on the basis point. The ensemble 
average of the spatial correlations tor all of the basis 
points (481 realizations in all) was then calculated and 

normalized by J(u'i(x,y))(uj(x,y)\ resulting in 

R 
y(u,Ax,yJ>(uj(.x,yJ^ 

The   spatial    correlafion    R^.y.     for    the    weakly 

compressible mixing layer is shown in Figure 14. The 
corresponding spatial correlation for an incompressible 
mixing layer has been previously calculated.-'  In both 

Figure 14 The spatial correlation R„y for the 

weakly compressible mixing layer. 
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Figure 15 The spatial correlation R ^, ^,. lor the 

weakly compressible mixing layer. 

cases, the correlation is a horizontally oriented ellipse. 
This shape is expected lor a mixing layer dominated by 
roller structures and braids. Along the mixing-layer 
centerline, all of the velocity vectors have an 
instantaneous u-velocity close to zero (in the convective 
frame). The R'„.„. correlation thus remains high over 

long distances in the x-direction. There is not a 
corresponding long correlation distance in the y- 
direction. however. In addition, the correlation Held for 
the weakly compressible mixing layer is considerably 
smaller than its counterpart for the incompressible 
mixing layer. For the incompressible mixing layer, the 
R„'„- =0.4 contour extends from about ±1.46,,, in the 

x-direction to +0.45,,, and -0.76,,, in the y-direclion. 

However, for the weakly compressible mixing layer, 
the R„,„, =0.4 contour extends from only ±0.8 6,,, in 

the x-direction to only +0.48,,, and -0.3 6,,, in the y- 

direction. This is most likely a consequence of the 
much higher Reynolds number for the weakly 
compressible case than for the incompressible case, 
resulting in more small-scale structures being 
superimposed on the large-scale structures. 

The spatial correlation  function   R^.,,'    for the 

Weakly compressible mixing layer as measured by PIV 

is shown in Figure 15, and this can be compared with 
the corresponding function for an incompressible 
mixing layer that has been previously presented 
elsewhere.-'     Unlike   R^,v    for the  incompressible 

mixing layer, which is a vertically oriented ellipse, the 
correlation field for the weakly compressible mixing 
layer is es.sentially circular. This shape is consistent 
with horizontally oriented elliptical roller structures for 
the weakly compressible case. For the incompressible 
mixing layer, which contained circular rollers, the v- 
velocity at the center of a roller was zero, but to the 
right of the structure the v-vclociiy quickly became 
negative, and to the left of the roller structure the v- 
velocily became quickly positive. It was this rapid 
variation in the v-velocity fluctuation that led to short 
correlation distances in the x-dircction. The circular 
shape   of   the    R^y    contours   for   the   weakly 

compressible mixing layer suggests relatively longer 
correlation distances of the v-veliKiiy lluctuation in the 
x-direction. This means that the varialion in v-veltKity 
is not as rapid and, thus, there is near-zero v-velocity 
fluctuation over longer distances \n the \-direction, a 
characteristic found in horizonlalK orienied elliptical 
rollers.      As   was   the   case   lor   R„„ .   the   R^.^. 

coiTclation field is seen to be smaller lor the weakly 
compressible mixing layer than lor IIK incompressible 
mixing layer. For the incompressible mixing layer, the 
RyV =*''^ contour extends Irom approximately 

±0.56,,, in the .\-direction to+().()•!„ JIKI-I.06„, in the 

y-direction. For the weakly coinprfssihk- mixing layer, 
however, the 0.4 contour e.MeiKh (rom only about 
±().46„,  in the x-direction to nnl>  ^'M.i,.,  in the y- 

direction. The dilTerence in iK- si/es of the two 
correlations is primarily a conscquonee ol the higher 
Reynolds number in the weakly comprehsihie case. 

The question must be addressed as lo whether the 
different shapes of the correlaiinH liinelions in the 
weakly compressible and eonipa-ssible cases are a 
function of the higher Reynolds numivr in the weakly 
compressible ease or if the differeni shapes are an effect 
of compressibility. This question can be answered by 
considering the experimental results of lung.-'" I'ung 
measured spatial correlations lor an incompressible 
mixing layer using an array of lux wires. In his 
experiments. Re,,  = 4.7 x lO"*, which is larger than for 

the incompressible correlation fields previously 
measured by the current authors. Comparing the shapes 
of the correlation fields for the two incompressible 
experiments shows that the correlation fields have 
exactly the same shapes. The only elTect of increasing 
the Reynolds number is for the correlation fields to 
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Figure 16 The spatial correlation Ru„. for the 

weakly compressible mixing layer. 

become smaller. Thus, it can be concluded that the 
difference in the shapes of the spatial correlation fields 
for the weakly compressible mixing layer with respect 
to those for the incompressible mixing layer are a result 
of compressibility, not increasing Reynolds number. 

Finally, the spatial correlation function R^y is 

presented for the weakly compressible mixing layer in 
Figure 16. Once again, these spatial correlations are 
compared with the corresponding correlation for an 
incompressible mixing layer. In both cases, this 
correlation field is seen to be relatively noisy due to the 
small ensemble size. Figure 16 does have a peak value 
of 0.47 in the center (i.e., zero displacement), however, 
which is consistent with the LDV measurements of 
Goebel and Dutton," and is very similar to the peak 
value in the incompressible case (0.46)." Just as for the 
other correlation fields presented, R„v for the weakly 

compressible mixing layer spears to be smaller, and 
perhaps more horizontally oriented than its counterpart 
™r the mcompressible mixing layer, although 
quantitative comparisons are difBcuh due to the 
"«!gular shapes. 

Linear Stochastic Estimation 
It is possible to calculate conditional velocity fields 

"Om the spatial correlations using a technique called 

linear stochastic estination." By properly defining the 
conditions corresponding to a spccitio large-scale 
structure, the velociir field lepresenlimJ that structure 
based on the spatial correlations can be calculated. This 
was done for the weakly compressible mixing layer by 
choosing conditions reprcaentative of IH'|I> '^ roller and a 
braid. These resilts are compnttxl to smiilar 
calculations performed for an inconipn.-«sible mixmg 
layer." 

Comparison of tis individual velooiiy vector fields 
to their conespondins vorticity and rnlc-t>f-strain fields 
leads to the conclusicn lliat rollers coiwspond to peaks 
in vorticity and braids correspond to pniks m strain. A 
linear stochastic estimate for mixing lnyer structures 
can then be consmicted by ina>rporatmg this 
information. The linear stochastic eslinin'e is based on 
the local deformation at some location x., and is given 
by 

(u;{x)|dij{x;)N = Ai(x)+Bij,(4l,.('^o)       (5) 

where dj^ is the deformation tensor. The coefBcients 

A,(x) and Bgjx) ae then calculalod hy minimizing 

die mean square error o/ the estimate. 1^ yields the 
results 

A.U) = 0 (6) 

and 

0.50 

0.25- 

y/«b   0.00 

-0.25 

»>>>>>:? 5''''•"■r>> >;>>>> 
»>>>>>>>>•'-'>-'>>>>>>>r' 

-0.75       -0.50       -0.25 

ISOm/^ x/5. 

Figure 17 Linear sto<-;hastic estimate of a roller 
structure for the weakJy compressible mixmg layer. 
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OR n'n 
(uj.Jx„)u,„(xJ>Bi3,{x)=-p-       (7) 

which is a set of eight equations (i, I, m = 1,2) that can 
be solved to obtain Byk (x). Then, using a given value 

for the defonnation tensor at location x,, Eqn. (5) can 
be used to find the linear stochastic estimate of the 
velocity field. 

First, several instantaneous vector fields were 
analyzed to find typical defonnation tensor values at the 
centers of both roller structures and braids. These 
values were then used to calculate the linear stochastic 
estimates of both rollers and braids for the weakly 
compressible mixing layer. 

The linear stochastic estimate for a roller structure 
in the weakly compressible mixing layer is shown in 
Figure 17. This figure demonstrates that the linear 
stochastic estimate is an excellent technique for 
determining the features of large-scale structures 
present in die mixing layer. This is because the linear 
stochastic estimate behaves like a low-pass filter, 
eliminating the contributions of small-scale structures 
(which are very prevalent in the weakly compressible 
mixing layer due to the high Reynolds number) and 
highlighting the underlying large-scale structures. 

In Figure 17, the linear stochastic estimate of a 
roller structure in the weakly compressible mixing layer 
is seen to be elliptical with a horizontal major axis. In 
contrast, the linear stochastic estimate of a roller in an 
incompressible mixing layer^ is more circular. Thus, 
one effect of compressibility is to increase the 
eccentricity of roller structures. This agrees well with 
the planar Mie scattering visualizadon results of 
Messersmith and Dutton.'^ 

The linear stochastic estimate of a braid structure 
in a weakly compressible mixing layer is presented in 
Figure 18. Once again, comparison can be made with 
the linear, stochastic estimate of a braid in an 
incompressible mixing layer.^ Both estimates are seen 
to be somewhat similar in appearance, although the 
incompressible braid is obliquely oriented while the 
weakly compressible braid is vertically oriented. In 
addition, in the weakly compressible braid, stagnation 
occurs along a vertically oriented line, whereas for the 
incompressible braid, stagnation occurs at a point. 
Indeed, die braid near the center of the velocity vector 
field in Figure 4 does appear to have a vertically 
oriented braid, as die linear stochastic estimate 
suggests. 
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Figure 18 Linear stochastic estimate of a braid 
for the weakly compressible mixing layer. 

Conclusions 

An ensemble of 37 high-vector density PIV 
velocity fields was obtained for a weakly compressible 
mixing layer widi Mj = 0.38. The individual velocity 
fields fell into diree regimes. The first regime is 
characterized by large Brown-Roshko-like roller 
structures. The second regime also contains similar 
structures, but these are smaller than those in the first 
regime. Finally, the diird regime of velocity fields 
showed litde, if any, discernible large-scale structure. 
Pairing of roller structures also seemed to occur, but 
unlike in an incompressible mixing layer, for which the 
pairing mechanism involves rotation of the two 
interacting roller structures, pairing in the weakly 
compressible mixing layer seems to occur through a 
"slapping" mechanism, with litde transverse movement 
of die two interacting rollers. 

The planar velocity fields were also reduced to a 
single profile to yield more reliable velocity statistics. 
The   peak   values   of    (U')/AU ,    (V')/AU ,   and 

(u'v')/(AUf were found to be 0.19, 0.13, and -O.OIO, 

respectively. These agree well with die results of 
previous LDV experiments by Goebel and Dutton" and 
Prv experiments of Urban et al.,""^" and demonstrate 
die effects of compressibility on die mixing layer 
statistical quantities. These effects are diat die 
transverse turbulence intensity and Reynolds shear 
stress are suppressed, while the streamwise turbulence 
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The R,v 
different 

intensity remains constant with increasing convective 
Mach number. 

The planar velocity data were also used to calculate 
the spatial correlation fields of velocity fluctuations for 
the weakly compressible mixing layer. The R„'u- 
correlation is elliptical with a streamwise-oriented 
major axis. This is similar to the shape seen in the 
R„'„' correlation for an incompressible mixing layer, 

correlation is nearly circular. This is very 
than the same correlation for an 

incompressible mixing layer, which is a vertically 
oriented ellipse. The R^v correlation is somewhat 
noisier than the other two correlations, most likely due 
to the limited ensemble size, but appears to be circular 
with a peak value of 0.47 at the origin. The shapes of 
these correlation functions suggest flattened elliptical 
roller structures with the major axis oriented in the 
streamwise direction. The correlation fields for the 
weakly compressible mixing layer decay more quickly 
than those found in an incompressible mixing layer, 
indicating the large-scale structures are smaller for the 
weakly compressible. This is to be expected, as the 
Reynolds number was much greater for the weakly 
compressible mixing layer than for the incompressible 
case. 

Finally, linear stochastic estimation yielded 
insights into the characteristics of the large-scale 
structures found in the weakly compressible mixing 
layer, and the effect of compressibility on these 
structures. In the weakly compressible case, the linear 
stochastic estimate of a roller is a flattened, elliptical 
structure with a horizontal major axis. This differs 
from the linear stochastic estimate for an 
incompressible mixing layer, which was less eccentric. 
The linear stochastic estimate of a braid in the weakly 
compressible mixing layer is vertically oriented, as 
opposed to the estimate of a braid for the 
incompressible case, which was obliquely oriented. 
Also, the braid in the weakly compressible mixing layer 
has a vertically oriented stagnation line, while in the 
incompressible case, stagnation was seen to occur at a 
point. 
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The steadiness and convolution of the interface between the freestream and recirculating/wake 
core regions in an axisymmetric, separated supersonic flow were studied using planar imaging. 
Five regions along the shear layer/wake boundary were investigated in detail to quantify the 
effects that key phenomena, such as the recompression and reattachment processes, have on the 
development of large-scale unsteady motions and interfacial convolution. These studies show that 
'flapping' motions, when viewed from the side, generally increase in magnitude, in relation to the 
local shear layer thickness, with downstream distance, except at the mean reattachment point, 
where they are slightly suppressed. When viewed from the end, the area-based (pulsing) 
fluctuations increase monotonically downstream as a percentage of the local area, while the 
position-based (flapping) motions show pronounced peaks in magnitude in the recompression 
region and in the developing wake. The interface convolution mcreases monotonically with 
downstream distance in both the side- and end-view orientations. 

Introduction 
The nature and structure of turbulence in 

compressible shear flows is still not fiiUy xinderstood. 
A better understanding of this turbulence is critical to 
efforts to control supersonic vehicles and projectiles, 
lower their base drag, or change their radar signature. 
Past efforts have determined the mean size, shape, and 
eccentricity of the large-scale turbulent structures 
present in planar' and axisymmetric^ supersonic base 
flows and in highly compressible mixing layers^'^ using 
Mie scattering from condensed ethanol droplets as the 
primary diagnostic. These studies give useftil 
information about the mean turbulent structures that are 
on the scale of the local shear layer thickness, but the 
technique employed to analyze the images does not 
provide any information about larger-scale motions, 
such as shear layer 'flapping', or tiie effect that the 
structures have on the convolution of the shear layer 
interface. The present study addresses these issues. 

Shear Layer Steadiness and 'Flapping' Motions 
Most of the documented research in flapping is 

for low Reynolds number planar shear layers and jets.*"' 
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For a planar nozzle geometry, the apparent flapping 
motions are derived from asymmetric staggering of the 
large vortices, which form from the roll-up of Kelvin- 
Hehnholtz-type instabilities, on either side of the jet. A 
classic example of flapping motion is shown in the von 
Karman vortex street formed by shedding in the wake 
of a cylinder in cross flow. 

The high level of compressibility (M^ = 2.46, 
Mc= 0.49-1.4; see Table 1) and large Reynolds number 
(52 x 10* m"') dictate that motions of the type described 
above for incompressible, low Reynolds number flows 
are not present in the current supersonic, separated 
flow.* In compressible, axisymmetric flows, flapping 
motions are thought to be generated by the propagation 
of helical disturbances'"' which must be pumped by 
feedback from downstream disturbances such as 
obstacles'" or shock structures.' Ponton and Seiner* 
showed that the flapping motions of an axisymmetric 
jet with an exit Mach number of 1.3 are generated by 
double-helix disturbances developed from instabilities 
generated at the no2zle lip via feedback from 
downstream shock structures. Similar phenomena can 
occur within the recirculation region in the present 
separated flow. 

Variability in the shear layer position can also 
be generated by pressure fluctuations in the freestream. 
Asymmetric circimiferential pressure fluctuations can 
contribute to motion of the centroid of the enclosed 
wake core area (in the end view), while 
circumferentially symmetric pressure fluctuations can 
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Tablel. Coordinates and flow parameters at imaging positions. 

Convective Mie Scattering LDV Velocity Mie Scattering End-View 

Imasjng Distance from Madi Number Shear Layer Sliear Layer Shear Layer Recirculation/Wake 

Position Location Base Comer (Mc) Thiciaiess(5Mie) TWclcness(6vei) Angle CoreArea(A™J 

A Shear Layer 18.4 mm' L23 2.47 mm 5.9 mm 12.7 deg. 2610 mm^ 

B Shear Layer 36.8" 1.40 3.67 9.3 14.0 2040 

C Recompression 72.4" 1.24 4.42 12.5 9.3 1016 

D Reattachment 84.1*' 1.09 4.98 n.e-^ 456 
E Near Wake 135*' 0.49 13.69 754 

'Measured along shear layer 

""Measured along centerline 

"Estimated 

contribute to fluctuations in the magnitude of the 
recirculation and wake core areas and variability in the 
location of the reattachment point. 

Smith" reported unsteady shear layer motions 
with a magnitude of approximately one-third of the 
local shear layer thickness in a planar, supersonic, 
reattaching base flow. Although his geometry was 
planar rather than axisymmetric, as in the current flow, 
the mechanisms that cause this unsteadiness (feedback 
through the recirculating flow region, pressure 
fluctuations in the freestream) can produce similar 
results. Both symmetric and asymmetric motions can 
occur, leading to either area-magnitude fluctuations, or 
shear layer flapping, respectively. 

Interface Convolution 
Two sources were found that attempted to 

qualitatively describe the effect of compressibility on 
the convolution of the interface between fluids in a 
planar shear layer. Clemens and Mungal'' claim that the 
convolution of the interface, when visualized from the 
end-view orientation, increases with convective Mach 
number, while Island et al.'^ claim that the overall 
interface appears smoother for higher convective Mach 
numbers. These statements do not necessarily conflict, 
since these studies also show that as convective Mach 
number increases, the organization of the large-scale 
turbulent structures changes from a spanwise to a 
streamwise orientation, and the coherence of the 
structures decreases. Therefore in the end-view plane, 
the degree of interface convolution can increase while 
the overall interface convolution decreases at higher 
levels of Mc- Clearly, quantitative results are necessary 
to elucidate and verify observations such as these. 

Very few studies have been performed to 
directly determine the convolution of the interface of 
compressible shear layers, even though this is an 

important indication of the 'mixing potential' between 
two streams. Two common practices that have been 
cited in the literature to determine interface convolution 
are determination of the fractal dimension"''' and direct 
calculation of the length of the interface.'^ The fractal 
dimension classification asserts that the mixing 
interface is composed of degenerate patterns that repeat 
themselves throughout all scales of the flow. These 
studies show that mixing interfaces most commonly 
have a fractal dimension between 2.2 and 2.7.'^'''' The 
interpretation and usefulness of fractal results in fluid 
mechanics applications are not particularly clear, and 
the method is not widely used. The interface length 
technique is more straightforward. This method 
postulates that there is a surface (or line in a two- 
dimensional image) that corresponds with a minimum 
potential for mixing in any geometry.'^ The actual 
mixing interface length can then be ratioed with this 
minimum mixing interface length to indicate the 
increased potential for mixing caused by the increased 
interfacial area available. 

Because of its relative simplicity, the length- 
ratio technique is employed in this study. A previous 
paper, by Glawe et al.,'^ employed this method to 
determine the mixing potential of a streamwise jet 
injected from the base of a strut into a supersonic 
freestream. They foimd that a range of shape factors, 
from approximately 2-4, could be attained by varying 
the cross-sectional shape and exit velocity of the jet. 

Equipment and Diagnostics 
The data presented in this paper have been 

gathered from experiments performed in the Gas 
Dynamics Laboratory at the University of Illinois at 
Urbana-Champaign. The axisymmetric base flow 
facility generates a Mach 2.46 flow about a 63.5 mm 
diameter cylindrical afterbody^lunt base.   The base 
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Figure 1. Instantaneous global composite image of 
near-wake flowfield and illustration of 
fields-of-view used in this study. 

flow tunnel is characterized by a relatively low 
freestream turbulence intensity (<1%), a turbulent 
boundary layer thickness at the trailing edge of the 
afterbody of 3.2 mm, and a unit Reynolds number of Re 
= 52 X 10* m'', as cited in the LDV data of Herrin and 
Dutton.'* 

Flow visualizations of the interface between 
the freestream and recirculation/wake core regions that 
form immediately after the termination of the afterbody 
have been accomplished in the current experiments by 
implementing the same Mie scattering technique as 
Smith and Dutton' and Bourdon and Button.^ Ethanol 
vapor was seeded into the supply air stream. As it is 
rapidly accelerated in the converging-diverging nozzle, 
the ethanol vapor condensed into a fme mist of 
approximately 0.05 jim diameter droplets, which are 
small enough to follow the large turbulent structures." 
The condensation characteristics of ethanol dictate that 
the ethanol will vaporize (or condense) at flow speeds 
that correspond approximately to sonic conditions. 
Thin slices of this ethanol fog were illuminated via a 
200 Jim thick laser sheet formed from a Nd:YAG laser 
with a nominal pulse energy of 450 mJ/pulse. A high- 
resolution, 14-bit imintensified CCD camera was used 
to record the scattered light. Many more details 
concerning the flow facility and visualization method 
can be found in Refs. 1 and 2. 

General Flowfield Characteristics 
Figure 1 is a global Mie scattering image of 

the flowfield in question. This flow is driven in large 
part by the base-freestream pressure and velocity 
mismatches that result from the sudden termination of 
the afterbody and the attendant flow separation. 
Expansion waves emanate from the base comer, and a 
free shear layer forms as a result of the pressure and 
velocity mismatches, respectively. Since the intensity 
of the Mie scattered light is proportional to the number 
density of the ethanol droplets, which is reduced across 
the expansion, the expansion appears as a dark region 
emanating from the base comer.   As the shear layer 

approaches the axis of symmetry, the mean flow must 
turn parallel to the axis. An adverse pressure gradient, 
and thus recompression waves in the supersonic 
freestream, develop due to this tum along the axis of 
symmetry. These recompression waves are indicated in 
Fig. 1 by the discontinuous bright bands near the right 
center of the image. Lower velocity fluid on the inner 
edge of the shear layer does not possess sufficient 
kinetic energy to negotiate the recompression process, 
and is turned back toward the base, forming a large 
recirculation region. Because the air in this region is at 
relatively low velocity, and is therefore warm, 
condensation of the ethanol vapor and light scattering 
by the laser sheet do not occur. A point, labeled Xr in 
Fig. 1, exists where the mean velocity along the axis is 
zero and is termed the reattachment point.'* This point 
delineates the recirculation region immediately behind 
the base from the trailing wake region. 

Bourdon and Dutton* have recently completed 
a detailed study of the size, shape, and orientation of the 
large-scale turbulent structures present in this flow. 
This study examined five specific regions in which 
various features of the mean fio\^field are expected to 
have the greatest influence. These locations are 
displayed in Fig. 1. Positions A and B are in the post- 
separation shear layer, prior to the strong influence of 
the adverse pressure gradient This strong adverse 
pressure gradient is in full effect by position C, and 
position D is located at the mean reattachment point. 
Position E is located in the trailing wake that develops 

Position B Position C 

local 

Position D Position E 

Figure 2. Instantaneous side-view images typical of 
those gathered at positions B-E. 
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Position B Position C 

Position D Position E 

Figure 3. Instantaneous end-view images typical 
of those gathered at positions B-E. 

downstream of the reattachment point. 
Figures 2 and 3 display instantaneous side- 

and end-view images, respectively, from imaging 
locations B, C, D and E. Images from position A have 
been excluded for the sake of brevity; qualitatively, 
they are very similar to those at position B. The side- 
view turbulent structures (Fig. 2) appear to be 
dramatically enhanced in size by the adverse pressure 
gradient (position C). They also appear much more 
organized in the developing wake (position E), partially 
because of the lower convective Mach number in tiiis 
region (0.49 versus about 1.3 further upstream; see 
Table 1). The turbulent structures generally appear to 
be more regularly spaced in the end views (Fig. 3) than 
in the side views. There is a relatively constant niunber 
of structures in each frame at each end-view imaging 
position, but this number decreases with downstream 
distance. These end-view structures also occupy a 
larger percentage of the core fluid area vkdth increasing 
downstream position. 

Results and Discussion 
The current study examines the same five 

imaging positions as the earlier Bourdon and Dutton^ 
study (Fig. 1), and quantifies the effects of flapping and 
mixing interface convolution in these regions. These 
imaging positions were chosen to best characterize the 

behavior of the four major regions of interest (post- 
separation shear layer, recompression region, 
reattachment region, and developing wake) along the 
path of the reattaching shear layer. The locations of 
and other pertinent information about the five imaging 
positions are presented in Table 1. The convective 
Mach number and velocity shear layer thicknesses 
presented in this table were estimated from the LDV 
data of Herrin and Dutton.'* It is important to note that 
the Mie scattering thicknesses are approximately 40% 
of the velocity thicknesses reported by Herrin and 
Dutton'* in the same flowfield, and correspond to 
approximately the 90 to 50% mean velocity locations, 
or roughly the outer half of the shear layer. 

Shear Layer Large-Scale Motion Analysis 
The large-scale motion (or flapping) of the 

shear layer is an important factor in determining the 
turbulence mechanisms that act on the shear layer and 
in interpreting other experimental results. The motion 
of the shear layer can indicate the presence of global 
instabilities, e.g. axisymmetric or helical motion, which 
may not be detected by spatial covariance analysis.'"^"^ 
Also, if a shear layer is actively 'flapping', it can 
artificially increase LDV turbulence statistics and smear 
image covariance analyses. For these reasons, a 
technique has been developed to characterize the nature 
of the shear layer large-scale motion. 

Side View 
In the side-view orientation, we assume that 

the large-scale motion occurs normal to the mean local 
shear layer iso-intensity lines. With this assumption 
made, the bulk shear layer motion can be characterized 
by obtaining a spatially averaged shear layer position 
from each instantaneous image. This average is 
determined by collapsing the image in the streamwise 
direction to obtain the transverse intensity profile. The 

300 [ 

0 0.2 0.4 0.6 0.8   1 
20% intensity location 
(average iimer edge Shear Layer Intensity % 
location) 

Figure 4. Spatially averaged instantaneous intensity 
profile from a typical side-view image. 
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Figure 5. Histograms of transverse shear layer 
motion at positions A, C, D, and E 
gathered from side-view images. 

shear layer position is then determined by locating the 
intensity level that is 20% of the maximum value, 
which approximates the inner edge of the shear layer. 
The instantaneous shear layer intensity profile thus 
obtained is relatively insensitive to skevraess in the 
shear layer's position, so this technique is not ideal for 
detecting motion that is not normal to the mean image 
iso-intensity lines. See Fig. 4 for an example of a 
streamwise-averaged intensity profile from an 
instantaneous image. 

Figure 5 displays probability density fimctions 
(PDFs) of the shear layer displacement from its mean 
location normalized by the local shear layer thickness, 
h'/8|ocai5 as seen in the side views at positions A, C, D, 
and E. The results at the upstream locations, positions 
A, B (not shown), and C, display a nominally Gaussian 
shape with a pronoimced central peak. The near- 
Gaussian PDF shape at these locations indicates the 
presence of a single preferred shear layer position. In 
the reattachment region, position D, the distribution of 
instantaneous displacement values is more uniform 
across the span of the PDF, losing the Gaussian shape 
observed at the locations upstream of reattachment. 
This demonstrates that there is no clearly dominant 
preferred shear layer position in the region surrounding 
the mean reattachment point. Incoherent flapping 
motions in this region are yet further indications of the 
decrease in turbulence structure organization that 
accompanies    the    reattachment    process.'"'*    The 

displacement histogram displays a bi-modal or possibly 
even tri-modal shape at position E in the trailing wake, 
and the PDF is even wider than at the upstream 
locations. The lower convective Mach number at this 
wake location (Mc = 0.75) allows for a higher degree of 
turbulence organization and better defined peaks in the 
shear layer displacement histogram than at position D. 
An illustration of the shear layer displacement at 
position E is displayed in Fig. 6. The images in this 
figure are representative of typical images from the two 
displacement peaks of the PDF near h75iocai = +/-0.2 at 
position E. Note that there is no obvious difference in 
the turbulent structure between these frames. This 
motion could be due, then, to differences in the amount 
of fluid escaping from the recirculation region at each 
instant imaged. 

The RMS displacement of the side-view 
motion at each imaging position is plotted in Fig. 7, for 
both the present axisymmetric geometry and the planar 
geometry studied by Smith and Dutton.' This 
normalized representation (by 8|ocai) is most appropriate 
for judging the local significance of the flapping 
motions and their effects on the local turbulence 
structure. Therefore, this view of the shear layer 
motion provides a more relevant vantage point when 
determining the effect that these motions will have on 
turbulence quantities that have been gathered by LDV 
or other pointwise velocity measurement techniques in 
this flow (e.g., interpretation of flapping unsteadiness as 
turbulence). 

As shown in Fig. 7, the RMS fluctuations of 
the shear layer position are up to 25% of the local 
thickness in the axisymmetric base flow. The planar 
shear layer results are consistently larger than the 
axisymmetric results, except at position B where they 
are equal. This suggests that the geometrical 
constraints placed on the axisymmetric shear layer as it 

h78,ocai = -K).2 h78iocai = -0.2 

Figure 6. Illustration of side-view shear layer 
displacement at position E. The images 
correspond to the high mode O^ft) and 
low mode (right). 
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Figure 7. RMS displacement of freestream/sbear 
layer boundary from mean position 
normalized by local shear layer 
thickness for positions A-E, side view. 

approaches the axis of symmetry tend to dampen large- 
scale motions. 

In both geometries, the normalized RMS 
displacement generally increases at successive axial 
locations, until the reattachment pomt, position D. The 
reduced flapping (in relation to Siocai) at this location is 
consistent with the symmetry condition that must be 
enforced (in a time-averaged sense) as the shear layer 
approaches the axis and reattaches onto itself This 
reduction is slightly weaker in the planar case, since the 
reattachment process in that case occurs along a line, 
while in the axisymmetric case, it occurs at a point. 
This streamline convergence has been shown" to 
stabilize the turbulence field. The increased RMS 
displacement at position E can be attributed more to the 
presence of multiple preferred positions (Fig. 5) than to 
a pure broadening of the PDF as noted at the initial 
imaging locations, positions A-C. Considering the fact 
that the Mie scattering thickness, 8iocai, is less than half 
of the velocity thickness at each location (Table 1), 
these RMS flapping motions are rather small, all being 
less than 15% of the local velocity thickness. 

Because normalization by the local shear layer 
thickness was used in Fig. 7, this plot displays a 
different trend than that viewed when h'^s is 
nondimensionalized by a constant length scale, such as 
the base radius. This interpretation indicates that the 
shear layer flapping fluctuations are very small in a 
dimensional sense (about 1 mm or 3% of the base 
radius) prior to reattachment, and increase by a factor of 
over four at the imaging position in the developing 
wake. This agrees well with what was seen by direct 
observation while experiments were performed. The 
flapping motions, from a global or dimensional 
perspective, are negligible through the reattachment 
region.  Only in the wake development region are the 

flapping motions significant compared to the base 
radius. 

End View 
Because the end view of the axisymmetric 

shear layer is a nominally circular, closed curve, the 
bulk motion cannot be derived using the same 
technique as was used for the side view. The motion 
viewed as 'flapping' in the side view can be separated 
into two distinct types of motion in the end view: 
'pulsing' (or expansion/contraction) of the core region, 
and displacement of the centroid of the shear layer. 
Therefore, a technique has been developed to isolate 
these two effects. 

The nominally circular shajje of the end-view 
shear layer can be exploited to develop shear layer 
intensity profiles similar to those from the side view. A 
circumferentially averaged radial intensity profile about 
the instantaneous core centroid is generated similar to 
the linearly-averaged profiles in the side view. Core 
fluid is defined for this purpose as any pixel that has an 
intensity of less than 20% of the freestream intensity, 
and the centroid is defined as the area center of all core 
fluid pixels. The variation in area occupied by the core 
fluid indicates the magnitude of pulsing motions, while 
the motion of the core fluid centroid characterizes the 
displacement of the shear layer from its nominal 
position. 

Scatter plots of the instantaneous core-region 
centroid positions, normalized h> the local shear layer 
thickness, are displayed for the end views at imaging 
locations B-E in Fig. 8. The discrctized appearance of 
the instantaneous centroid positions at position B is an 
artifact of the resolution of the CCD camera. The 
diameter of the core fluid region at positions A and B is 
approximately 400 pixels, while the instantaneous 
centroid position varies at these locations by only 
approximately 5 pixels in any direction. 

The magnitude of the centroid-position 
variations at imaging locations A (not shown) and B in 
the shear layer are similar, with roughly random 
variations in all four quadrants, at a maximum of about 
0.2 shear layer thicknesses about the mean location. 
The centroid-position variations at the mean 
reattachment point, position D. are also similar to those 
at positions A and B in distribution, but with a slightly 
larger magnitude, see Fig. 8. Positions C and E in the 
adverse pressure gradient and developing wake regions, 
on the other hand, exhibit a horizontal, "sloshing" type 
of motion, predominantly along the Z-axis. The 
magnitudes of the centroid motions at these two 
locations are also much larger than at the other stations. 
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Figure 8. Maps of instantaneous recircuiation 
/wake core centroid position at imaging 
locations B-E, end view. 

The sloshing motions exhibited at positions C 
and E require further examination. Instantaneous 
images that illustrate this motion of the centroid along 
the Z-axis are displayed in Fig. 9. It is clear after 
examining these images that the large, mostly 
horizontal centroid displacements at these locations are 
caused by an asymmetry in the distribution of the 
largest turbulent structures about the shear layer 
circumference. This is evidence that the apparent 
flapping or imsteadiness visualized in the end-view 
orientation in this flow is caused predominantly by the 
passage of these very large structures, which is similar 
to the results foimd in incompressible, axisymmetric 
jets.'' 

This large-scale structure asymmetry could 
possibly be due to a double-helix instability that alters 
the organization of the large structures and is somehow 
anchored in these regions to allow only horizontal 
motions. These centroid-position results could also be 
caused by slight misaligimient of the sting/afterbody in 
the annular converging-diverging nozzle of the flow 
facility. However, if either misalignment or helical 
modes are responsible for this asymmetry, it is difficult 
to understand why it is only present at positions C and 
E, and not at A, B, and D, and why it occurs mostly 
along a single axis. Perhaps the lack of similar motions 
at the early imaging locations, positions A and B in the 
post-separation shear layer, can be attributed to the 

constraint placed on the shear layer motion by its 
proximity to the base and the lack of strong pressure 
gradients in the fireestream. It is also possible that there 
is asymmetry in the turbulent structure organization at 
these locations, but the scale of the structures in relation 
to the recircuiation region is so small that the effects are 
below the resolution limit of the CCD camera. The 
effects of lateral streamline convergence and 
axisymmetric confinement at the mean reattachment 
point,^''* position D, may act to randomize the 
positioning of the large-scale structures, or turbulent 
structure amalgamation may be occurring in a way that 
causes a more symmetric distribution of the structures 
about the shear layer periphery in this region. Position 
C, with its characteristically large adverse pressure 
gradient and recompression waves, and position E, with 
its lower convective Mach number and re-accelerating 
wake core fluid, may be most susceptible to large-scale 
motion of the centroid. Further work is needed to 
determine the root cause of this ciuious behavior. 

The RMS radial displacement of the end-view 
centroid from its mean location at all five imaging 
locations is plotted in Fig. 10 alongside the RMS end- 
view displacement (h'n„s/8iocai) in a planar reattaching 
supersonic flow,' both scaled by the local shear layer 
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Figure 9.  Instantaneous images from positions C 
(top) and E (bottom), demonstrating 
centroid motion along the Z-axis. The 
images on the left correspond to left 
displacement, images to the right 
correspond to right displacement. 
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Figure 10. RMS displacement of recirculation 
region/wake core centroid from mean 
position, normalized by local shear 
layer thickness, end view. 

thickness. Although the two measurements are not 
precisely of the same motion, i.e. the planar 
measurements do not differentiate pulsing and 
translating motions, the similarity between the results at 
the various positions is clear. This suggests that the 
mechanisms responsible for these motions must be 
quite similar in the two geometries. The sloshing 
motions at positions C and E for the axisymmetric case 
cause large peaks with magnitudes in the range of 30- 
40% of the local shear layer thickness, while positions 
A, B, and D all have magnitudes of less than 15% of the 
local thickness. The end-view motions for the planar 
case are generally larger than those for the 
axisymmetric base, except in the adverse pressure 
gradient region, position C. Figure 10 is valuable in 
determining the effect that these motions may have on 
pointwise velocity statistics; clearly these effects are 
largest at positions C and E in the adverse pressiu^ 
gradient and wake development regions. 

Just as in the side view, the end-view flapping 
motions appear quite different when viewed from a 
global, dimensional perspective. Aside from the motion 
at position E in the trailing wake, the centroid position 
varies by less than 4% of the axisymmetric base radius. 
At position E, the RMS value of the centroid-position 
fluctuation increases to approximately 16% of the base 
radius. 

Figure 11 displays the RMS fluctuation of the 
normalized recirculation/wake core fluid area for the 
five imaging locations of this study normalized by both 
the local mean area and the area of the base. The RMS 
variation is small, less than 6% of the local Amean, at 
positions A-D, and is quite large, just under 25% of 

Amean, at positioH E in the near wake. It should be 
recalled, however, that the percentage of the 
instantaneous area of the wake core at position E that is 
composed of large turbulent structures is much higher 
than at previous locations, and the wake core region is 
of a smaller absolute area compared to locations A-C 
(Fig. 3 and Table 1). Therefore, the much larger 
percentage area variation at this location is a result of 
the increasing contribution of the largest turbulent 
structures to the relatively small wake core area. One 
interesting trend to note in this figure is the lower rate 
of increase in the area variation between positions B 
and C (Amean normalization), as compared to between 
the other locations. Position C is characterized by a 
strong adverse pressure gradient. Therefore, this 
pressure gradient acts to reduce the rate at which the 
area variations grow as the flow proceeds downsfream. 
The growth of area fluctuations does increase slightly 
between positions C and D as compared to between 
locations B and C. This enhanced area variation in the 
neighborhood of reattachment suggests that the 
instantaneous reattachment point may translate 
upstream and downstream. 

Discerning the absolute magnitude of these 
area fluctuations is difficult when they are scaled by the 
local enclosed area, Amean- These area fluctuations can 
be critical in judging the relative strengths of the 
expansion/contraction motions as they progress 
downstream. Therefore, the area variations are also 
plotted in Fig. 11 as normalized by the (constant) base 
area. One interesting feature illustrated by this 
normalization is the substantial increase in dimensional 
area fluctuations at position B, as compared to A, and 
the steady decrease through the recompression and 
reattachment processes. At the upsfream positions, A 
and B, axisymmetric effects are negligible, since the 

X/X 

Figure 11. RMS variation of enclosed 
recirculation/wake core area 
normalized by the local mean area and 
base area at positions A-E, end view. 
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shear layer is far from the axis. The recompression and 
reattachment processes, on the other hand, are a direct 
result of the shear layer approaching the axis of 
symmetry. Note also that the rate of decrease in the 
magnitude of area fluctuations increases as the shear 
layer moves closer to the symmetry axis at reattachment 
position D. At position E in the trailing wake, the area 
fluctuations are greatly enhanced, even though the wake 
core/freestream interface is very near the axis. Thus, it 
is the impingement of the shear layer on the symmetry 
axis at reattachment that inhibits area-based fluctuations 
in this region. Note, however, that the RMS area 
fluctuations at all imaging locations are relatively small 
in a dimensional sense, being less than 6% of the base 
area in all cases. 

Mixing Interface Convolution Analysis 
Valuable information is gained from 

examining the area available for mixing at a given 
location. If the interface between the freestream and 
recirculating fluid is defined, and its length measured 
and compared with a limiting case, the mixing potential 
of that region can be examined. The limiting case is 
defined here as the boundary shape for a given 
geometry for which minimum mixing would occur. For 
example, in either a side view or end view of a planar 
shear layer, the limiting boundary shape would be a 
line, while in the end view of a round jet, a circle would 
be the limiting case. 

An arbitrary contour, corresponding to 15% of 
the maximum averaged shear layer intensity of a given 
image, was chosen to represent the actual mixing 
interface m this convolution study. Figure 12 presents a 
sample end-view image from position E, the interface 
between the freestream and core fluids, and the area 
enclosed within this interface. Testing of this 
technique shows that it is fairly robust and insensitive 
to the intensity level chosen to mark the interface. 

Note that the image resolution of these 
experiments is not adequate to resolve small-scale 
mixing. Therefore, we are only examining the effects 
of larger structures when using this technique. A series 
of filters was applied to remove smaller structures and 
irregularities from the interface. These filters set an 
effective lower limit on the degree of curvature or 
irregularity that registers at the boundary that separates 
the freestream and core fluids. The limit can be 
changed to reflect the differences in scale from one 
image set to the next to ensure that consistent boundary 
resolution is applied throughout the study. In the 
present investigation, the mean shear layer occupies 
approximately one third of the image frame at each 

Figure 12. a: Sample end-view image, b: Border 
of sample image, c: Enclosed area. 
Image has a shape factor of 2.19. 
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location, so the filtering parameters were held constant 
throughout the analysis. 

Examining the shape factors (defined as the 
actual to minimum interface length) of large ensembles 
of images at a given location in the flowfield aids in 
imderstanding the nature of the turbulence in that 
region. The nature of the fi'equency histogram, i.e. the 
number and strength of peaks, and the mean and 
standard deviation of the histogram, yields valuable 
information about the organization of the large-scale 
structures. The height and breadth of the histogram 
peaks indicate how consistent and repeatable the large- 
scale structure pattern is. Also, when this analysis is 
viewed in conjunction with information about the mean 
size, shape, and orientation of the large-scale 
structures,^ the relative abundance and variety of 
turbulent structures at a given location can be 
conjectured. 

Side View 
In the side-view orientation, the mean shear 

layer is essentially a linear interface. In such a 
geometry, minimal mixing will thus occur for a 
straight-line interface. Therefore, the proper shape 
factor in this view is defined as the instantaneous shear 
layer length ratioed with the local mean (linear) shear 
layer length. The more the instantaneous interface 
deviates fit»m linearity, the higher the value of the 
shape factor and the greater the potential for mixing. 

Figures 13 (a) and (b) present histograms of 
the instantaneous side-view shape factors for positions 
A and D. These histograms are representative of the 
side-view shape factor histograms at all five imaging 
locations. Note that the most probable shape factor and 
the shape factor variability (PDF width) shown in the 
side-view histograms generally increase at successive 
locations. Also, unlike the histograms presented in the 
last section for shear layer motion, these histograms 
suggest a gamma distribution of shape factor values. 
Since the mean values at all imaging positions are 
relatively close to unity, the lower range limit, and the 
RMS deviation is relatively large, this is intuitively 
logical. A process with these characteristics naturally 
fits a distribution such as the gamma distribution, which 
is skewed toward lower values. This distribution shape 
remains relatively consistent through all five imaging 
locations. 

The mean shape factor increases 
monotonically with increased downstream distance in 
the side view for both the axisymmetric and planar 
geometries (Fig. 14 (a)). There is a close similarity 
between the results for the two geometries. The 
absolute value and rate of increase of the shape factor in 
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Figure 13. Histograms of interface shape factors at 
positions A and D gathered from (a), (b) 
side view and (c), (d) end-view images. 

the side-view orientation is slightly larger for the planar 
geometry, but the other major trends are virtually 
identical. This suggests that the degree of convolution 
of the shear layer is relatively insensitive to parameters 
that differ between the two geometries in each 
measurement region, such as the location of the peak 
Reynolds stress or the effect of lateral streamline 
convergence.'* 

The shape factor increases monotonically and 
at a relatively constant rate throughout the separated 
flow region, positions A-D, for the axisymmetric case. 
Therefore, the adverse pressure gradient and 
reattachment process have little or no effect on the side- 
view convolution growth, despite the rapid growth in 
mean structure size in this region.'-^ Smith" showed 
that, for a planar reattaching base flow, the convection 
velocity decreases dramatically in the adverse pressure 
gradient region. Therefore, it is reasonable to conclude 
that the mean structure growth in this region is caused 
by amalgamation of the large turbulent structures 
formed upstream, and that enhancement of mixing (and 
increased shape factor) is not large through this region. 
This amalgamation process most likely occurs as Oh 
and Loth" propose for compressible shear layers, i.e., 
that the large-scale structures simply 'slap' into one 
another and merge, without any significant transverse 
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Figure 14. (a) Mean and (b) RMS side-view shape 
factors at positions A-E for both 
axisymmetric and planar' geometries. 

deflection or rotation about each other as occur in 
incompressible pairing processes.^"-^' This type of 
merging process results because, as the convective 
Mach number increases, communication paths between 
large structures are suppressed, i.e., pressure waves 
cannot travel upstream. A merging process of this type 
would also account for the significant decrease in mean 
structure angle that accompanies the rapid increase in 
structure size in the adverse pressure gradient region.'"^ 

In the developing wake (between positions D 
and E) for both geometries, the rate of increase of the 
shape factor is larger than in the initial portions of the 
post-separation shear layer which forms immediately 
downstream of the base (i.e., between positions A 
through D). Therefore, the rate of increase of the shear 
layer convolution, and the size and organization of the 
large-scale structures, is most likely influenced by 
either changes in the velocity ratio, the reduced 
convective Mach nimiber, or the enhanced growth of 
the wake thickness when compared to the growth of the 
shear layer prior to reattachment (Table 1). 

The RMS variation of the side-view shape 
factor increases almost linearly with increased 
downstream position between positions A and D for 
both planar and axisymmetric flows (Fig. 14 (b)). This 
shows that the variability of the interface convolution 
caused by the turbulent structures increases steadily in 
the streamwise direction regardless of the flow 
mechanisms acting on the structures. Position E is the 
exception to the pattem; the rate of increase of the RMS 
shape factor between D and E is higher than between 
the initial locations. This latter result could be due to 
the dominance of very large structures at position E. 
Variations in the number of these largest structures that 
are captured in a given image could lead to large 
variations in the instantaneous shape factor at this 
location and, thus, to a large RMS value. 

End View 
In the end-view orientation for the 

axisymmetric case, the shear layer forms a closed 
contour, for which minimum mixing will occur when 
the shear layer is circular. The shape factor is then 
defined as the actual instantaneous interface perimeter 
ratioed with the minimum (circular) perimeter 
enclosing the equivalent area The instantaneous end- 
view shape factor histograms are much less skewed 
toward low values than those obtained in the side-view 
orientation, and appear approximately Gaussian; see 
Figs. 13 (c) and (d) for the end-view shape factor 
histograms at positions A and D. The variation of the 
instantaneous shape factor (i.e.. histogram breadth) is 
also smaller at each station in the end views than in the 
side views, especially at the initial imaging locations. 
This suggests a higher degree of consistency of the 
structures visualized in the CIKI view than in the side 
view, which results fi'om the relatively constant number 
of large-scale structures present in each firame for each 
imaging position of the end views. Fig. 3. 

The mean shape factor values for all five end- 
view imaging positions arc displayed in Fig. 15 (a) for 
both the axisymmetric and planar bases. The shape 
factor is seen to increase monotonicaliy with increasing 
downstream distance fi-om separation for both 
geometries. Consistently larger shape factor values are 
seen at each position and in both the side view and in 
the end view for the planar case. Bourdon and Dutton^ 
have previously shown that the geometry of the 
separated flow region has little effect on the growth of 
the large-scale turbulent structures outside of the 
reattachment region. Therefore, this larger shape factor 
value in the planar geometry must be related to the 
organization or mean spacing of the structures. This 
figure also shows that the adverse pressure gradient 
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Figure 15. (a) Mean and (b) RMS end-view sliape 
factors at positions A-E for both 
axisymmetric and planar' geometries. 

(between positions B and C) has little or no effect on 
increasing the rate of shear layer convolution as the 
flow progresses downstream in the axisymmetric 
geometry. Therefore, if the proposed streamwise 
amalgamation of the turbulent structures occurs in this 
region, it has no visible effect on the rate of increase of 
the end-view shape factor. 

The axisymmetric reattachment process 
(position D) clearly enhances the convolution of the 
enclosed fluid boundary in the end view. This result is 
to be expected, because of the highly three-dimensional 
nature of the reattachment process. The three- 
dimensional nature is also evident because the side- and 
end-view mean shape factor values are approximately 
equal at the reattachment point. The rapidly decreasing 
number, but increasing size, of structures present due to 
structure amalgamation and shrinking core fluid area 
are also key features of the flow in this region, and they 
contribute to the enhanced shape factor values at 
position D. These latter features are clearly seen in the 
example images presented in Fig. 3. Because the planar 

reattachment process does not involve the 
circumferential confinement effects seen in the 
axisymmetric reattachment process, little or no change 
in the shape factor growth rate at position D in the end 
view is observed. 

After the reattachment process is complete, the 
axisymmetric confinement effects that cause the 
increased shape factor growth rate are relaxed, and the 
rate returns to the pre-reattachment region values. The 
end-view shape factor continues to increase in the 
trailing wake, position E, approaching a value of 2 for 
the axisymmetric case and 2.4 for the planar case. Note 
that the end-view shape factor values recorded in the 
current study span the same range observed by Glawe 
et al.'^ in their study of parallel injection from the base 
of a strut into a supersonic co-flow. 

The RMS shape factor evolution, Fig. 15 (b), 
displays an approximately piecewise linear increase in 
the downstream direction, with a distinct change in 
slope occurring at position C in the recompression 
region for the axisymmetric case, and at position D near 
the reattachment point for the planar geometry. In these 
downstream regions, there are fewer but larger 
turbulent structures in the end views, so this may lead 
to the increased shape factor variability. These regions 
also coincide with the peak Reynolds shear stress 
locations in the two geometries.'*'^^ Thus, the increased 
levels of shear stress (and general turbulence activity) 
may lead to a more variable instantaneous shear layer 
convolution at this location. 

Conclusion 
The nature of the unsteady motions and 

interface convolution has been examined in an 
axisymmetric supersonic separated flow. This study 
has shown that both flapping (displacement) and area- 
based pulsing motions along the interface between the 
fieestream and recirculation/wake core regions 
generally increase in relation to the local shear layer 
thickness or local enclosed area with increased 
downstream position. The only exception to this 
pattern occurs at the mean reattachment point, where 
fluctuations are somewhat suppressed when compared 
to adjacent imaging positions. The convolution of the 
interface between the freestream and recirculating or 
wake core fluid is also shown to increase with 
downstream position, with a pronounced increase in the 
side-view shape factor value between the mean 
reattachment point and the imaging location in the 
wake. 
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Abstract 
The large-scale turbulent structures in the near wake of a boattailed, axisynunetric 

afterbody immersed in a supersonic flow are examined using a planar Mie/Rayleigh scattering 
visualization technique. Seven key regions in the near wake are studied in bodi side- and end- 
view orientations. Estimates of the mean structure size, shape, and inclination are made using 
spatial correlation analysis, and the effects of the turbulent structures' passage are measured via 
steadiness and convolution analysis techniques. The results indicate that base drag is decreased 
by afterbody boattailing because the turbulent structures are generally less active in the separated 
flow region and, as a result, shear layer growth is suppressed. The latter result occurs because the 
large-scale turbulent structures are further inclined down toward the mean flow direction, and tend 
to be organized more in the streamwise than in the spanwise direction near the base. 

Introduction 
The primary goal of this work is to 

characterize the nature and structure of the organized 
turbulence present in the separated flow region 
immediately following the termination of a boattailed 
afterbody in a supersonic flow. A detailed schematic of 
the flow is given in Fig. 1. There are many features that 
complicate the nature of the organized turbulence in 
such a flow. These include expansion fans that form at 
both the boattail junction with the body and at the base 
comer, recompression shocks that form as the separated 
shear layer approaches the symmetry axis, and a strong 
recirculation region located immediately adjacent to the 
base. It is because of the interaction of these features 
with the organized turbulence that computer modeling 
of such flows is quite challenging (Sahu, 1994; Chuang 
and Chieng, 1996). For this reason, it is critical that 
experimental studies continue to explore base flows of 
various geometries and with different turbulence 
characteristics. 

Great strides have been made in improving the 
drag characteristics of missiles and projectiles by 
modifying the base geometry (Rubin et al, 1970; Addy 
and White, 1973; Mathur and Dutton, 1996). 
Boattailing, or introducing a constant body sur&ce 
angle p prior to separation (Fig. 1), has been shown to 
significantly increase base pressure (and thus reduce 
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base drag). Several researchers (Reid and Hastings, 
1959; Addy and White, 1973; Viswanath and 
Narasimha, 1974) have empirically established the 
effects of boattailing on base pressure for varying 
boattail angles, Mach numbers, and Reynolds numbers. 
A recent study by Herrin and Dutton (1994b) has taken 
this research a step further, using laser Doppler 
velocimetery (LDV) to characterize the effects of 
boattailing on the near-wake velocity field. This study 
showed that for the current boattailed geometry, the 
shear layer growth rate is reduced by 20% and peak 
turbulence levels are significantly reduced (18% 
reduction in turbulent kinetic energy) compared to the 
blunt-base case (Herrin and Dutton, 1994a,b). These 
authors concluded that the decreased levels of 
turbulence in the pre-separation boundary layer and the 
decreased strength of the expansion at separation cause 
these differences. Further investigation (Herrin and 
Dutton, 199S) has shown that, although decreased 
expansion strength reduces the overall turbulence level 
in the shear layer, it does not significantly alter the 
"turbulence structure" downstream of the expansion; 
i.e., the relative distribution of turbulence energy 
between the Reynolds stress components is relatively 
unaffected. 

LDV   and   hot-wire   anemometry   (HWA) 
provide critical information about the mean and RMS 



AIAA 2000-2312 

velocities of a flow, but the point-wise nature of tlie 
measurements generally limits their ability to examine 
the large-scale turbulence structure present in shear 
flows. Essentially, the passage of a large-scale 
structure is indicated in the velocity data gathered by 
these techniques, but rigorous information about the 
nature of die turbulent structure itself is not. Particle 
image velocimetiy (PIV) provides planar velocity 
measurements, but the complexities of seeding a 
compressible, reattaching flow are many and have 
prohibited its past use in flows of this type (Molezzi 
and Dutton, 1995; Olsen and Dutton, 1998, 1999). 
Thus, although these techniques improve our 
understanding of base flows, they are incapable of 
visualizing and completely characterizing the 
turbulence structure in the base region. 

For these reasons, flow visualization 
techniques are necessary to obtain information about 
the coherent structures present in compressible base 
flows. Because both the gross flow geometry and the 
turbulence structure organization are not planar in 
nature, any visualization technique that is used must 
either yield three-dimensional visualizations, or 
illuminate multiple thin slices of the flowfield to 
resolve the three-dimensional features of die 
turbulence. For the thermodynamic conditions present 
in the current flow facility, a planar Mie scattering 
visualization technique that relies on the condensation 
of etiianol (Clemens and Mungal, 1991) has proven its 
value in studymg the turbulent structures present. This 
planar Mie scattering technique is used to visualize the 
interface between the freestream and recirculadon/wake 
core fluids, and spatial correlation, steadiness, and 
shape factor analyses are applied to images recorded at 
key locations in the flowifield. From these analysis 
techniques, information is gained about the mean size, 
eccentricity, and orientation of the turbulent eddies 
present in the shear layer; about the instantaneous 
position and enclosed end-view area of the core fluid; 
and about the degree of convolution of the 
freestream/core fluid interfece. 

Flow Facility 
These experiments were performed in the 

axisymmetric base flow facility at die University of 
Illinois at Urbana-Champaign. The mean freestream 
Mach number is 2.46, and the unit Reynolds number is 
52xl0'm"'. The freestream turbulence is quite low, less 
than 1%. Physical support for the afterbody base model 
is provided by a cylindrical sting that extends upstream 
through the nozzle to avoid any flow disturbances in the 
near wake. A more comprehensive description of the 
facility is given in Herrin and Dutton (1994a). 

The boattail implemented in the current study 
(Fig. 1) has a conical shape widi a convergent angle of 

5 degrees in relation to the symmetry axis. The 
boattailing occupies the last 31.7S mm of the afterbody 
length, or I base radius. This angle was chosen because 
it is near the optimal boattail angle given in Addy and 
White (1973) for minimum afterbody drag at Mach 2.S. 

Instrumentation and Procedure 
A challenge facing the current experiments 

was to And a technique that allows direct visualization 
of the large-scale turbulent structures that contain and 
convect the turbulent energy in a boattail flow. As 
mentioned above, Mie scattering from condensed 
ethanol droplets has been applied to accomplish this 
goal, as outlined by Clemens and Mungal (1991). This 
technique has been successftilly applied to other base 
flows (Smidi and Dutton, 1996, 1999; Bourdon and 
Dutton, 1999, 2000; Boswell and Dutton, 1999). The 
thermodynamic characteristics of ethanol dictate that, 
given the stagnation conditions of the experimental 
facility, the ethanol vapor seeded into the freestream 
will condense at a Mach number above ^^)proximately 
unity (Smidi, 1996). Thus, die interfece diat is 
visualized separates the supersonic freestream from the 
subsonic recirculation and wake core regions. 

The ethanol is injected at 0.23% mass fraction 
well upstream of the test section to ensure complete 
evaporation and uniform distribution in the freestream. 
It re-condenses into a fine mist as the airflow is 
accelerated through the supersonic converging- 
diverging nozzle. The condensed ethanol droplet size 
has been estimated (Smith, 1996) to be {^)proximately 
O.OS ^m, which is easily small enough to accurately 
follow the flow. A 200-^m thick laser sheet illuminates 
the edianol fog. The illumination is generated from a 
Nd:YAG laser beam that is formed into a sheet by a 
series of beam-shaping optics. A 14-bit unintensified 
CCD camera collects the scattered light. Figure 2 
contains a schematic of the data acquisition apparatus. 
Further information about the Mie scattering diagnostic 
and the saturation characteristics of ethanol may be 
found in Smidi (1996). 

From these images, the mean size, shape, and 
eccentricity of the large-scale turbulent images can be 
determined through the use of a spatial correlation 
technique (Smith and Dutton, 1996; Bourdon and 
Dutton, 1999). Flapping motions of the shear layer can 
also be determined (Bourdon and Dutton, 2000), and 
the degree of convolution or tortuousness of the 
interfoce between the freestream and core fluid can be 
examined (Glawe et al., 1995; Bourdon and Dutton, 
2000). The latter feature is related to die "mixing 
potential" between the recirculating and freestream 
flows. 
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Results and Discussion 
Overall Features 

An instantaneous global composite image of 
the near-wake region of tlie boattailed afterbody studied 
here is presented in Fig. 3. When comparing this image 
to a global image from a blunt-based near-wake 
(Bourdon and Button, 1999), several key differences 
are apparent. The recompression shock system appears 
much weaker in the boattail near-wake, such that 
individual shocks cause smaller light intensity changes 
in dte images, if they are apparent at all. Because of the 
weaker recompression process in the boattail near- 
wake, the interface between the outer freestream and 
inner core fluid (i.e., the shear layer) demonstrates a 
smaller degree of curvature as it re-aligns with the 
symmetry axis. This interface appears to be much 
smoother in the present study than in the blunt-based 
near-wake region as well, indicating that turbulent 
structures are less active in the near-wake due to the 
afterbody boattail. 

There are four distinct regions of interest in the 
near-wake flowfield: the post-separation shear layer, 
the recompression region, the reattachment region, and 
the trailing wake. Each of these regions is 
characterized by various influences on the properties 
and turbulence structure of the shear layer. In the post- 
separation region, the shear layer is dominated by 
velocity ratio and compressibility effects. The 
convective Mach number in this region is very high, 
nominally 1.35 (Table 1), indicating that the turbulence 
structure is highly three-dimensional and that 
interaction between the turbulent structures is 
suppressed. As the moniker suggests, the 
recompression region is characterized by an adverse 
pressure gradient, which is generated as the shear layer 
is turned along the streamwise axis. In the reattachment 
region, the shear layer experiences the extra strain rates 
of lateral streamline convergence and streamline 
curvature as it ^proaches the symmetry axis. In the 
developing wake region, the 'extra' strain rates are 
relaxed, and the mean velocity along the centerline 
increases, so that the convective Mach number falls 
below 0.6. Therefore, two-dimensional instability 
modes and increased structure organization occur. 

Seven locations have been chosen for image 
acquisition in the boattail near-wake flowfield. These 
locations were chosen to maximize understanding of 
the base flow region by highlighting the varying 
influences in each region, as described above. Table 1 
displays general data about the imaging locations, 
including position in relation to the base, local 
convective Mach number, shear layer thickness, shear 
layer angle in relation to the axis, and local end-view 
enclosed area. The imaging position labels (A, B, BC, 

etc.) have been assigned to correspond to the labels of 
Bourdon and Dutton (1999) and Smith and Dutton 
(1996). Ensembles of approximately five hundred 
images have been gathered at each imaging location in 
both side and end views. Ensembles of this size have 
been shown to be sufficient to produce stable statistics 
from the spatial correlation analysis (Smith, 1996). 

The general shape and orientation of the 
turbulent structures found along the freestream/core 
interfece have been established previously for both 
planar (Smith and Dutton, 1996) and axisymmetric 
(Bourdon and Dutton, 1999) compressible, recirculating 
flows behind blunt-based afterbodies.    The general 
features of the turbulent structures in the current 
boattail flowfield are qualitatively similar to previous 
results: stringy, filament-like structures in die side 
view, and ejection- type mushroom shapes in the end 
view.     The side-view structures, as seen in previous 
flows, are elliptical and/or polygonal and inclined 
toward the local flow direction.  Sample instantaneous 
side- and end-view images are presented in Figs. 4 and 
5 in the free shear layer (position B), reattachment 
(position   D),   and   developing  wake   (position   E) 
locations in the near wake.   The primary difference 
between these and the previous blunt-base image sets is 
the level of activity apparent in the images.  Smaller- 
scale structures are much less visible for Ae boattail 
flow, and the largest scales present are much less 
strained and 'violent'  in appearance. The velocity 
measurements of Herrin and Dutton (1994b) support 
this conclusion with observations that the turbulent 
kinetic   energy   and   shear   layer   growth   rate   are 
substantially suppressed due to afterbody boattailing. 
Shape Factor Analysis 

The shape factor, a measure of the shear layer 
convolution or tortuousness is defined as the actual 
inter&ce length in a given image divided by the 
corresponding minimum interface length (straight line 
in side views, cirole in end views). The shape factor is 
slightly lower at all imaging locations (Fig. 6) in flie 
boattailed afterbody case than in the blunt-base case in 
the side view, supporting the observation of less 
turbulence activity. In the end-view orientation (Fig. 
7), both axisymmetric geometries possess roughly equal 
shape fectors at all imaging locations, except in the 
trailing wake. Clearly, this suggests that boattailing 
more significantly affects the streamwise turbulence 
structure than the circumferential (spanwise) structure 
seen in the end views. In agreement with this 
observation, Herrin and Dutton (1995) show that the 
streamwise Reynolds normal stress is much more 
profoundly affected by die strength of the comer 
expansion, which is different for the blunt base and 
boattail cases, than is the transverse normal stress. 
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Figure 8 presents a comparison of the number 
of large-scale structures visible, on average, at each 
end-view imaging location between the boattailed and 
blunt-based afteri)ody near-wake flowfields. This 
figure shows fliat in tiie initial stages of the shear layer, 
where it has not yet reached self-similar conditions 
(Herrin, 1993), there are approximately 20% more 
structures for the boattail case than for the blunt-base 
case. When the shear layer thickness data of Table 1 
are compared with the blunt-base data of Bourdon and 
Dutton (1999), the shear layer growth rate is found to 
be much lower for the boattail, just as found from 
Herrin and Dutton's (1994b) velocity data. This result 
shows that there is less entrainment of fluid from the 
base region (and fi^estream) into the boattail shear 
layer, despite the presence of a larger number of end- 
view turbulent structures. In turn, this reduced 
entrainment results in a higher base pressure (and lower 
base drag) for the boattailed afterbody (Herrin and 
Dutton, 1994b). 
Shear Layer Steadiness Analysis 

The steadiness characteristics of the shear 
layer can be deduced fit)m instantaneous images by 
monitoring the location of the interface between the 
freestream and core fluids. The interface is designated 
here as the location where the scattered light intensity 
drops to 20% of the peak value seen in the shear layer. 
The shear layer position (normal to the streamwise 
direction) in each instantaneous side-view image can be 
compared with that of the entire ensemble, and bulk 
shear layer motion can dius be detected. In the end- 
view, the shear layer is nommally a circular, closed 
curve. Because of this, both pulsing (or 
expansion/contraction) and flapping (or centroidal) 
motions can be described. 

Figure 9 is a plot of the area-based fluctuations 
(normalized by the local mean area) seen in the end 
views of both the boattailed and blunt-based flow 
geometries. Prior to the mean reattachment pomt, the 
area-based fluctuations are a relatively constant 
percentage of the local mean end-view area, 
approximately 4% for the boattailed geometry. This 
value is less than that seen in the blunt-based geometry 
at all but the position closest to the base. This suggests 
that the boattail expansion one base radius upstream of 
the base comer may re-orient turbulence into 
axisymmetric modes that are quickly damped at 
downstream positions due to the high convective Mach 
number in this region. In agreement with this 
hypothesis, Herrin and Dutton (1995) have shown that 
the overall turbulence level near the base is much lower 
in the boattail case than in the blunt-base case. They 
also indicate that the peak transverse Reynolds normal 
stress is initially higher for the boattail than the blunt 
base case, but is quickly diminished to levels lower than 

for the blunt base slightly downstream. In a similar 
vein, Clemens and Mungal (1991, 1992, 1995), Elliott 
et al., (1995); Messersmith and Dutton (1996), and 
Papamoschou and Bunyajitradulya (1997) all indicate 
that, as the convective Mach number increases above 
0.6 for planar shear layers, the spanwise two- 
dimensional organization of the large-scale structures 
breaks down in favor of three-dimensional instability 
modes, and the overall turbulence level decreases 
(Goebel and Dutton, 1991, Elliott and Samimy, 1990). 

In the developing wake, the area-based 
fluctuations become significantly larger than prior to 
the mean reattachment point, due primarily to the 
increasing role that the passage of a single structure has 
on tiie total core fluid area (Bourdon and Dutton, 2000). 
At the last imaging location (position E), Fig. 9 shows 
that the area fluctuations are significantly larger for the 
boattail geometry than the blunt-based geometry, but 
this resuh is sli^tly misleading. The local area of the 
wake core is significantly smaller in the boattail case 
than in the blunt-base case. Therefore, much smaller 
area fluctuations are necessary in the boattail case to 
provide large variations in A'RMS/AIOCI- When 
normalized by the base area (constant), for instance, the 
area fluctuations are approximately four times smaller 
in the boattail case than in the blunt-based case. 

Boattailing seems to dnmatically decrease 
apparent end-view flapping motions, as demonstrated in 
Fig. 10 where the RMS centroid position in the end 
views is plotted versus downstream position. Flapping 
motions increase monotonically with downstream 
distance in the boattail flowfield. unlike the flapping 
motions seen in planar (not shown) and axisymmetric 
blunt-based flowfields. The enhanced flapping seen in 
the recompression (position C) and wake-development 
regions (position E) due to 'sloshing' motions (Bourdon 
and Dutton, 2000) for the blunt base is also missing in 
the boattail geometry. By viewing scatter plots of the 
instantaneous core fluid centroid location at these two 
positions (Fig. 11), it is apparent that such horizontal 
motions are not present in the boatuil base flowfield. 
In contrast to the bluni-base geometiy, the 
instantaneous centroid positions for the boattailed 
afterbody are roughly equally likely in any of the four 
quadrants. Bourdon and Dunon (2000) linked the 
sloshing motion for the blunt base to asymmetiy in the 
organization of the large-scale structures at imaging 
locations C and E, which may be caused by the strong 
adverse pressure gradient (position C) and to the low 
convective Mach number (position E) present at these 
locations. The weaker recompression region in the 
current boattail flow configuration may have prevented 
such a phenomenon from occurring at position C, while 
the upstream disappearance of this phenomenon may 
prevent it from occurring in the wake region. 
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The  RMS  magnitude of flapping motions 
(when normalized by the local shear layer thickness) in 
tiie boattail geometry appears to be very similar to fliat 
for the blunt-based geometry when viewed from the 
side; see Fig. 12. Key differences are evident near the 
base (position A) and at the mean reattachment point 
(position D) where the flapping motions correspond to a 
significantly larger percentage of the local shear layer 
thickness for the boattail than for the blunt base. 
Increased side-view flapping motions near the base are 
consistent with the enhanced area-based fluctuations 
seen  in the  end views (Fig.  9).     At the mean 
reattachment point, the side-view flapping enhancement 
is most likely linked to the much smaller shear layer 
thickness and proximity of the freestream/core interface 
to the symmetty axis for the boattail geometiy. These 
factors enhance the sensitivity of the measurements to 
the passage of individual parcels of fluid from the base 
region into the developing wake. 
Spatial Correlation Analysts 

A spatial autocorrelation analysis technique, 
similar to that described by Messersmith and Dutton 
(1996) and Smith and Dutton (1996) has been applied 
to large ensembles of images, such as those presented in 
Figs. 4 and 5. Objective information about the mean 
structure size, shape, and orientation can be gleaned 
from such an analysis, while limiting the subjectiveness 
of personal bias. Ensembles of approximately 500 
images have been used in the spatial correlation 
analysis at each imaging position and for each 
orientation. The 0.5 correlation contour (where the 
central peak is normalized to a value of 1.0) has been 
previously established as the basis for determining the 
mean structure's characteristics (Messersmith and 
Dutton, 1996; Smith and Dutton, 1996, 1999; Bourdon 
and Dutton, 1999) 

Figure 13 displays contour plots of the side- 
view correlation fields obtained at all seven imaging 
positions examined in this study. The image frames are 
sized such that the length of the vertical edge of the 
frame is approximately equal to the local shear layer 
thickness. The contour levels have been chosen so that 
the outer contour is the 0.5 level, and successive 
contours increase in 0.1 intervals. All the contour plots 
in this figure are oriented such that the local streamwise 
flow direction is horizontal and from left to right, with 
the high-speed freestream on top.   As seen in other 
related compressible shear flows (Messersmith and 
Dutton, 1996; Smith and Dutton, 1996; Bourdon and 
Dutton, 1999), tiie 'average' structures are elliptical in 
shape, and inclined toward the local flow direction. 
Prior to the recompression region, position C, the 
structures    remain    essentially    'fix)zen',    changing 
relatively little in size, shape, and orientation.   The 
recompression    process    dramatically    strains    the 

structures in the streamwise direction, making the mean 
structures elongate and dip downward toward the local 
streamwise direction, much as seen in Smith and 
Dutton's (1996) and Bourdon and Dutton's (1999) 
studies of planar and axisymmetric blunt-base 
reattachmg flows, respectively. In the developing wake 
(positions DE and E), the mean structures diminish in 
size and become less eccentric as the adverse pressure 
gradient vanishes and the convective Mach number 
decreases. 

Another significant feature of the correlation 
field seen in previous studies (Bourdon and Dutton, 
1999; Smith and Dutton, 1996) is the behavior of the 
angular orientation of the inner (higher correlation 
level) contours.   Smith and Dutton (1996) found that 
the inner contours tend to be rotated with respect to the 
0.5 contour level in regions of the flow where adverse 
pressure gradients (destabilizing influence) act on die 
structures.    Smith and Dutton (1996) observed that 
contour   rotation    of   this    type    occurs    in   the 
recompression (position C) and reattachment (position 
D) regions of a planar, reattaching base flow. Bourdon 
and  Dutton  (1999)  found  similar results  in  their 
axisymmetric blunt-based reattaching flow, but further 
upstream in the trailing portion of the free shear layer 
region (position B) and in the recompression region 
(position C), but not at the mean reattachment point. 
The   absence   of  contour   rotation   at   the   mean 
reattachment point, where there is definitely an adverse 
pressure gradient, was attributed to tiie cancellation 
effect of lateral streamline convergence (stabilizing), 
which  is present m the axisynmietric reattachment 
process but not in the planar reattachment process. 
Interestingly, in the present boattailed flow, contour 
rotation    is    evident    in    the   recompression   and 
reattachment regions (positions C and D), but not 
further upstream.    The ^parent similarity of these 
results   to   the   planar   (and   not   the   blunt-based 
axisymmetric) geometries is explained by the weakened 
recompression  process  (higher  base  pressure)  and 
elongated recirculation  region caused by afterbody 
boattailing.     The weakened  recompression  process 
limits the region over which the strong adverse pressure 
gradient acts.    Thus, inner contour rotation is not 
evident at positions B or BC in the developing shear 
layer.   The presence of contour rotation at the mean 
reattachment point (position D) indicates that, because 
of the decreased curvature of the streamlines in die 
vicinity of the mean reattachment point (due to the 
weakened     recompression     process     and     longer 
reattachment length), lateral streamline convergence 
effects are much weaker in the boattail geometry than 
in the blunt-based geometry. 

The end-view correlation fields for positions 
B-E are presented in Fig. 14. These correlation 
contours are averages of spatial  correlation fields 
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computed with basis points located in the shear layer 
every 90° around its circumference. By doing this, the 
effects that may be caused by imperfections in tiie 
geometric transformation necessary to analyze the 
images as true end views can be limited. The 
correlation contours in Fig. 14 are oriented such that the 
recirculation/wake core region is at the bottom of the 
image frame, and the fr«cstream is at the top. As in 
Bourdon and Dutton's (1999) study, the contours 
exhibit a wedge-like shape, with a slightly longer 
horizontal edge on the upper side tiian on the lower 
(most obvious at position BC). This is due to 
axisymmetric confinement effects as the shear layer 
approaches the axis of symmetry. 

The primary statistical results of the spatial 
correlation analysis of the images are presented in Figs. 
15 and 16. All the statistics presented herein 
correspond to the 50% correlation contours. There are 
some very critical differences between the boattail and 
blunt-base cases in the behavior of the 'average' 
structures in the free shear layer region near the base. 
The first of these is that the average structure at the first 
imaging location is much more inclined downward 
toward the local streamwise axis for the boattail: 35° 
versus 43° (Fig. 15c). Past researchers (Smith and 
Dutton, 1996) have postulated that decreased structure 
angle is an indication of lower entrainment and mixing 
in the shear layer, which is consistent with the boattail's 
higher base pressure. The side-view correlation 
contours and instantaneous images of the structures also 
suggest that veiy little new generation or evolution of 
turbulent structures occurs in this region. Both the 
structure size (when normalized by the local shear layer 
thickness) and angle remain virtually constant through 
the first two imaging positions for the boattail case. 
Figs. 15a, c. 

The only statistic that does change 
significantly for the boattail geometry near the base is 
the end-view structure eccentricity, Fig. 16b. The angle 
of inclination of the shear layer with respect to the 
symmetry axis is lower for the boattail geometry than 
the blunt-based geometry due to the elongated 
recirculation region. This indicates that circumferential 
constriction effects are weaker, allowing the turbulent 
structures to acquire a more rounded, less eccentric 
shape in the end view. 

The LDV data of Herrin and Dutton (1995) 
show that the peak nonnal stress anisotropy ratio is 
much higher initially in the blunt-base case than in the 
boattail case. As the shear layer develops toward a self- 
similar state, the peak normal stress values become 
approximately equal in the two flows. By examining 
the major axis ratio tia^&Mc (F>g- 16 c), which cm be 
used as a measure of tiie orientation of the dominant 
turbulence organization, the same trend is visible. 

Larger axis ratio values suggest a dominance in 
structure organization in the spanwise direction (Smith 
and Dutton, 1996), which also suggests the dominance 
of engulfinent processes. Therefore, the boattailed 
afterbody inhibits the generation of cngulfinent-type 
motions in the initial portions of the shear layer. 
Further downstream of the base, where entrainment of 
recirculating fluid diminishes (Herrin and Dutton, 
1994b), the major axis ratio for botii axisymmetric 
cases and Smith and Dutton's (1996) planar reattaching 
flow all drop below unity, implying a dominance of 
structure organization in the streamwise direction. 

In the recompression region (position C), the 
similarity between the behavior of the boattail and 
blunt-base flows is increased. The major axis ratio at 
the measurement location in this region, as well as at 
reattachment, is virtually identical for the two 
axisymmetric geometries, indicating similar 
organization of the turbulence field. In feet, in the 
recompression region all three studies (planar and 
axisymmetric) provide virtually identical results, 
despite differences in behavior fiulher upstream. This 
suggests that the effects of the adverse pressure gradient 
unify the behavior of the large-scale turbulent structures 
regardless of the geometry. 

As the flow approaches the mean reattachment 
point, important differences are again seen in the results 
of the different geometries. Streamline convergence 
and axisymmetric confinement effects dictate a 
heightened organization in the end view of the blunt- 
base and boattail geometries (slightly increasing 
a^nd/a^. Fig. 16c), while in the planar case (Smith and 
Dutton, 1996), which is not subject to such effects, tiie 
structure organization continues to shift to streamwise 
(i.e., side-view) dominance. Both the blunt base and 
boattailed axisymmetric cases indicate peaks in the 
side-view structure size prior to the mean reattachment 
point, Fig. 15a. The similarity of the side-view structure 
size measurements at imagmg locations C and D (in the 
recompression and reattachment regions, respectively) 
for the boattailed afteriwdy suggests that the peak value 
may lie somewhere between these two points. This 
correlates well with Herrin and Dutton's (1994b) LDV 
data in this region, which do not show a dramatic drop- 
off in the peak axial Reynolds normal stress until just 
before the mean reattachment point. This drop-off 
occurs earlier in the blunt-based axisymmetric case 
(Herrin and Dutton, 1994a). The mean side-view 
structure angle, Fig. 15c, is also dramatically lower 
(50%) at reattachment for the boattail case than in both 
the planar and axisymmetric blunt-based cases, again 
implying lower entrainment of recirculation region fluid 
and higher base pressure for the boattail geometry. 

Due   to   the   relative   weakness   of   the 
recompression and reattachment processes, some other 
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noteworthy differences are present at the mean 
reattachment point due to boattailing. The first of these 
is that the end-view structure size, Fig. 16a, is a 
maximum at the mean reattachment point, while it 
decreases from upstream values for both the planar and 
axisymmetric blunt-based geometries. A second 
observation is that the side-view structure eccentricity, 
Fig. 15b, is relatively constant throughout the 
recompression and reattachment processes for the 
boattail case, while peaking in the recompression region 
for the axisymmetric blunt-based case. 

In the developing wake region, die lower 
entrainment levels present downstream dictate that the 
shear layer is much thinner and the wake core area is 
much smaller in the boattail case than in the blunt- 
based case. This implies that, since the same number of 
structures is present in this region (Fig. 8), the turbulent 
structures occupy a larger percentage of the shear layer 
in the end view of the boattail geometry. This spatial 
constraint, m turn, causes the structures to 'sit up' more 
in the side view, leading to increased structure angle 
(Fig. 15c). 

Conclusions 
There are several key differences in the 

behavior of the turbulent structures present in blunt- 
based and boattailed axisymmetric supersonic base 
flows. The most prominent of these are in the initial 
shear layer formed immediately after separation. 
1. Twenty percent more structures are visible in the 
end-view near separation for the boattail case, and the 
structures are larger and more inclined downward 
toward the local flow direction in the side view. These 
factors indicate lower entrainment rates and thus higher 
base pressure. 
2. Boattailing causes a weakening of the preferential 
organization of the large-scale structures toward the end 
view immediately after separation. This indicates that 
ejection-^TJe end-view motions are less prevalent, 
another indication of lower entrainment rates and 
higher base pressure. 
3. Despite differences seen upstream, the 
recompression process displays remarkably similar 
spatial correlation results for the planar, boattailed, and 
blunt-based axisymmetric geometries. This suggests 
that, in the absence of the strong influences of other 
'extra rates of strain', the adverse pressure gradient 
causes similar large-structure behavior regardless of 
upstream conditions. 
4. The weakened recompression process in the 
boattail base flowfield leads to a larger streamline 
radius of curvature in the vicinity of the mean 
reattachment point (position D), and diminished 
streamline convergence strain-rate effects.    This is 

evident in the side view as enhanced RMS shear layer 
position (flapping) and structure size in the boattail base 
case over the blunt base case. In the end view, the 
lowered streamline convergence effects lead to a peak 
structure size at reattachment, position D, for the 
boattail case. 
5. In the developing wake region (positions DE and 
E), evidence remains of the differences in the upstream 
dynamics of the blunt base and boattail geometries. For 
instance, in the side view, the mean turbulent structures 
maintain a larger angle with respect to the symmetry 
axis in the developing wake because of spatial 
limitations placed on the structures by lower 
entrainment in the separated flow region (positions A- 
C). 
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Table 1. Coordinates and flow parameters at imaging positions for tioattail flow. 

Distance from Convective Mie Scattering Mie Scattering End-View 

Imaging Base Comer Mach Number Shear Layer Shear Layer Recirculation/Wake 

Position Region (mm) Mc Thickness (8MK, mm) Angle (deg.) Core Area (Aro^Ataa) 

A Shear Layer 19.1' 1.25 2.43 12.5 0.636 

B Sliear Layer 38.1' 1.43 3.31 14.0 0.484 

BC Shear Layer 53.4" 1.36 3.49 12.5 0.254 

C Recompression 76.3" 1.22 3.64 8.6 0.130 

D Reattachment 89" 1.07 4.40 -- 0.154 

DE Near Wake 115.7'' 0.67 6.04 _. 0.082 

E Near Wake 142.4" 0.42 7.58 — 0.032 

"Measured from base comer 

"Measured along centerline 

Boattail Free Shear Layer 

Ms 2.5 

Expansion Waves Recirculation       Recompression 
Region Waves 

Figure 1. Schematic of mean near-wake flowfield 
behind boattailed afterbody. 

Figure 3. Instantaneous global composite image of 
near-wake flowfield. 
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Figure 2. Mie scattering image acquisition system. 
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Figure 4. Instantaneous side-view images from 
position B in tlie developing shear layer 
region (a, b), position D in the 
reattachment region (c, d), and position 
E in the developing wake (e,f)- 
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Figure 5. Instantaneous end-view images from 
position B in the developing shear layer 
region (a, b), position D in the 
reattachment region (c, d), and position 
E in the developing wake (e,f). 
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Figure 6. Side-view shape factor for boattailed 
and blunt-based cases. Vertical bars 
denote RMS shape factor values (i.e., 
one standard deviation). 

Figure 7. End-view shape factor for boattailed 
and blunt-based cases. Vertical bars 
denote RMS shape factor values (i.e., 
one standard deviation). 
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Figure 8. Number of structures visible in tlie end- 
view orientation for boattailed and 
blunt-based cases. Vertical bars denote 
RMS structure values (i.e., one 
standard deviation). 
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Figure 9. RMS end-view area fluctuations 
normalized by the local mean end-view 
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Figure 10. RMS end-view centroid position 
fluctuations for boattailed and blunt- 
based cases. 
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Figure 11. End-view centroid positions at 
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and blunt- based (right) afterbody 
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Figure 12. RMS side-view shear layer position for 
boattailed and blunt-based afterbody 
near-wake flowfields. 
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Figure 14. End-view spatial correlation fields for 
imaging locations B-E. Contours are 
at 0.1 intervals from 0.5 to 0.9. 

Figure 13. Side-view correlation fields for all 
imaging locations. Contours are at 0.1 
intervals from 0.5 to 0.9. 
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Figure 15. Side-view correlation statistics at 
imaging locations A-E and for both 
boattailed and blunt-based afterbody 
near-wake flowflelds. 

Figure 16. End-view correlation statistics at 
imaging locations A-E and for both 
boattailed and blunt-based afterbody 
near-wake flowfields. 
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Although it is a geometrically simple flowfield, the mixing layer (or shear layer) is of great importance since it appears 
quite often in engineering practice. As such, mixing layers have been studied experimentally since the 1940s. While data exist 
for a wide range of mixing layer attributes, one type of measurement that is lacking for both incompressible and compressible 
mixing layers is instantaneous planar velocity measurements. The work presented here is an effort to incorporate instantaneous 
planar velocity measurements into the existing body of knowledge concerning mixing layers. Once obtained, the velocity fields 
are analyzed to provide insight into the characteristics and behavior of large-scale structures found in mixing layers and the 
effects of compressibility on these structures. 

To collect these data, high-vector density particle image velocimetry (PIV) measurements were performed on both an 
incompressible and a weakly compressible mixing layer. For the incompressible case, the high- and low-speed freestream 
velocities were 40 m/s and 23 m/s, respectively, resulting in a velocity ratio of 0.575. At the location where the PIV images were 
obtained, the Reynolds numbers based on downstream distance and vorticity thickness were Re, = 1.8 x lO' and Reg = 1.1 x 10''. 
For the weakly compressible mixing layer, the high- and low-speed freestream velocities were 510 m/s and 270 m/s. For this 
case, the velocity ratio was 0.53, the density ratio was 0.67, and the convective Mach number was 0.38; the PIV images were 
obtained at a location where Re, = 3.7 x 10* and Reg = 1.8 x 10^. 

For the incompressible case, the instantaneous velocity fields indicated the presence of large Brown-Roshko' rollers and 
braid structures. The instantaneous velocity fields for the weakly compressible case also indicated the presence of large-scale 
structures. However, in general, these structures were smaller and less well organized than their incompressible counterparts. In 
order to compare the differences in size and shape of the structures in the incompressible and weakly compressible cases, spatial 
correlations of velocity fluctuations were calculated, and using these correlations, linear stochastic estimates of roller structures 
and braids were determined. 

The spatial correlations of velocity fluctuations were calculated using basis points along the transverse centerline of the 
mixing layer (where the centerline of the mixing layer is defined as the transverse location where the mean local velocity is equal 
to the average of the top and bottom freestream velocities). The ensemble average of the spatial correlations for all of the basis 
points was then calculated. The spatial correlations R „-„' for th^ incompressible and weakly compressible cases are shown in 
Fig. la and Fig. 2a, respectively. In both cases, the correlation is a horizontally oriented ellipse. However, the correlation field 
for the weakly compressible mixing layer is considerably smaller than its counterpart for the incompressible mixing layer. 

The spatial correlations R^yfor the incompressible and weakly compressible cases is shown in Figs, lb and 2b. 

Unlike R^v for the incompressible mixing layer, which is a vertically oriented ellipse, the correlation field for the weakly 

compressible mixing layer is essentially circular. As was the case for R „'„-, the R ^v correlation field is seen to be smaller for 
the weakly compressible case than for the incompressible case. 

The question arises as to whether the different shapes and sizes of the correlation functions for the incompressible and 
weakly compressible cases are a function of the higher Reynolds number in the weakly compressible case or if the different 
shapes are an effect of compressibility. This can be answered by considering the experimental results of Tung,^ which consisted 
of hot-wire measurements for an incompressible mixing layer with Reg = 4.7 x 10''. The correlations measured by Tung have 
exactly the same shapes as the correlations presented here but are smaller in size. Thus, the only effect of increasing the 
Reynolds number appears to be that the correlation fields become smaller. It can therefore be concluded that the difference in 
the shapes of the correlation fields for the weakly compressible case with respect to those for the incompressible case is a result 
of compressibility, not increasing Reynolds number, and that the difference in the relative sizes of the correlation fields is a result 
of the higher Reynolds number in the weakly compressible case. 

By properly defining the conditions specific to a given large-scale structure, the velocity field representing that structure 
based on the spatial correlations can be calculated using linear stochastic estimation. Comparison of individual velocity vector 
fields with vorticity and strain rate fields indicates that rollers correspond to peaks in vorticity and braids correspond to peaks in 
strain. Linear stochastic estimates of large-scale structures were then constructed based on the local deformation tensor. As a 
first step in this analysis, several instantaneous vector fields were analyzed to find typical deformation tensor values at the 
centers of rollers and braids for both the incompressible mixing layer and the weakly compressible mixing layer. These values 
were then used to calculate the linear stochastic estimates of both rollers and braids. 
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The stochastic estimates of a roller for the incompressible and weakly compressible mixing layer are shown in Figs. Ic 
and 2c. For the incompressible case, the stochastic estimate of a roller is slightly elliptical with the major axis oriented in the 
streamwise direction. The stochastic estimate of a roller structure in the weakly compressible case is also a horizontally oriented 
ellipse, with an eccentricity greater than for the incompressible case. Although not shown here, the stochastic estimates of braids 
were also calculated for both cases. For the incompressible mixing layer, the stochastic estimate of a braid showed the braid to 
be obliquely oriented with stagnation occurring at a point, whereas for the weakly compressible mixing layer, the stochastic 
estimation suggests that the braids are vertically oriented with stagnation occurring along a line. 

1. Brown, G. L., and Roshko, A., "On Density Effects and Large Structure in Turbulent Mixing Layers," J. Fluid Mech., Vol. 
64, pp. 775-814, 1974. 

2. Tung, A. T.-C, "Properties of Conditional Eddies in Free Shear Flows," Ph.D. Thesis, University of Illinois, 1982. 
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Figure 1: (a) Spatial correlation R „-„' for the incompressible case, (b) Spatial correlation R ^y for the incompressible case, 

(c) Linear stochastic estimate of a roller structure for the incompressible case. 
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Abstract 

The effects that sub-boundary layer disturbances have on the near-walce turbulence structure in a 
reattaching, compressible, axisymmetric flow are examined. Both delta-shaped and axisymmetric- 
strip disturbances are examined. The effect that the number and thickness of delta-shaped tabs and 
the placement of axisymmetric strip tabs have on the base pressure is quantified. These pressure 
data show tfiat delta-shaped disturbances can generate a base pressure decrease of up to 10%, 
while strip disturbances can generate a base pressure increase of up to 3%. Planar visualizations 
in botii the side and end views were obtained for key tab arrangements using Rayleigh/Mie 
scattering of condensed ethanol droplets. These visualizations show that each delta-tab generates 
a streamwise counter-rotating vortex pair, which is easily identifiable in average images, through 
the mean reattachment point. The strip-tab configuration generates increased symmetric shear 
layer motion and large, circumferentially eccentric mean end-view structures near the base. Both 
of these effects are quickly damped because of the high convective Mach number in the initial 
portion of the shear layer. 

Introduction 

The idea of modifying the trailing edge of 
splitter plates, nozzles, or afterbodies to alter the near- 
field mixing characteristics is not a new one. For 
instance, macroscopic point disturbances or tabs which 
extend   far   into   the   flow. obstacles   placed 

downstream, afterbody boattailing, and base bleed, 
ventilation, and base cavities have all been employed 
with varying degrees of success. Most of the 
mechanisms employed in the past to enhance mixing 
are associated with significant thrust losses, though. 
The presence of macroscopic mixing tabs or obstacles 
can severely limit and/or alter the capabilities of a 
system. Drag-reducing mechanisms, such as afterbody 
boattaiing or base bleed, also lead to significant 
alterations to a system's geometry and performance. 
The current study concentrates on a different type of 
drag- and mixing-altering mechanism, sub-boundary 
layer disturbances, that can significandy alter the 
mixing characteristics of the base region of a separated 

flow   widiout   severely   altering  the  afterbody/base 
geometry. 

The present efforts concentrate on discovering 
how surface disturbances affect the development of the 
turbulent structures present in die near wake of 
cylindrical afterbodies. See Fig. 1 for a schematic of die 
unaltered near-wake flowfield of a supersonic base 
flow. The primary features of die near-wake region 
include an expansion fan emanating ftom the base 
comer separation point, compression waves that form 
as the outer flow approaches die symmetiy line, and a 
relatively strong recirculation region created by the 
low-momentum fluid in the base region diat does not 
possess enough momentum to pass through the adverse 
pressure gradient formed by die reconq>ression shock 
system. The turbulent stivctures examined in this study 
exist along the border between the outer flow and 
recirculation or wake core regions. These turbulent 
structures initiate the interaction between the 
recirculating fluid in the base region and the outer flow 
and thus control entraimnent and mixing in the base 
region. 
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It is of critical importance to gain a more 
compFchensive understanding of tlie large-scale 
turbulent structures that dominate the developing wake 
region of compressible base flows. The role of the 
large-scale turbulent structures in the base region is 
particularly difficult to quantify because of the 
interaction that these structures have with other features 
of the fiowlield, such as the expansion fan emanating 
from the base comer, and the compression waves that 
form as the shear layer approaches the axis of 
symmetry. These features introduce 'extra' strain 
rates^ to the flowfieid, whose effects on the turbulence 
are nonlinearly coupled, and thus are difficult to 
predict. 

Most experimental studies of base flows have 
relied on point-wise measurement methods, such as 
laser Doppler velocimetry (LDV), to determine the 
turbulence statistics of the base region. Point-wise 
measurement techniques, while providing vital 
statistics, only capture the effect of the passage of larjge- 
scale turbulent structures and not the macroscopic 
nature of the structures. Because of this shortcoming, 
our understanding of turbulence in compressible base 
flows is limited. In addition, more sophisticated 
turbulence models are necessary to truly capture the 
nature of compressible base flows in numerical 
computations, and without experimental data that 
illuminate the features of the large-scale turbulence, the 
physics of such models will likely be flawed. 

It is the objective of this study to provide such 
information through the use of planar visualization 
techniques. By studying drag-altering mechanisms, the 
role that large-scale turbulent structures play in 
determining the flowfieid properties of die base region, 
such as the base pressure, mean velocity, and 
turbulence statistics, can be determined. By adding 
vortex-generating disturbances to the terminating end of 
an afterbody, the entrainment characteristics of the free 
shear layer region can be significantly altered. The 
effect of adding streamwise and span wise vorticity to 
the near-wake flowfieid is observed here using a planar 
visualization technique and is quantified using image 
averaging, spatial correlation analysis, and steadiness 
and shape factor analyses. 

Previous studies employing flow visualization 
techniques and pitot pressure measurements ' have 
shown that asymmetries in the pressure field of the jets 
issuing from overexpanded converging and converging- 
diverging nozzles are caused by stationary streamwise 
vortices present in the flowfieid. The origins of these 
vortices have been traced to imperfections in the nozzle 
surface. Krothapalli et al. assert that imperfections as 
small as 1/12 of the boundary layer velocity deficit 
thickness are sufficient to trigger such behavior. 

Stationary streamwise vortices such as these 
were shown to improve the mixing characteristics of 

12  13 8 
planar shear layers ' and axisymmetric jet flows 
by increasing the stream interface area and overall shear 
layer thickness. Therefore, these researchers found it 
beneficial to promote streamwise vorticity generation 
by inserting surface disturbances onto the nozzle or 
splitter plate lip. King et al. found that the most 
effective shape for generating streamwise vortices in a 
supersonic jet is an isosceles triangular tab, placed flush 
on the surface, with an apex angle of 25°. Island, on 
the other hand, found the optimal angle to be 30° for a 
compressible planar shear layer. Rectangular and two- 
dinKnsional elements were also investigated, but were 
found to be less effective at generating streamwise 
vortices. Both of these studies also found that 
increasing the ub element thickness increased the shear 
layer thickness, although the enhancement was 
relatively small when compared to that of the thinnest 
significant tab disturbance. 

Similarly, strip disturbances have also been 
introduced onto die trailing edge of splitter plates to 
introduce spanwise vorticity into the developing shear 
flow, thereby altering the mixing characteristics. 
Introducing spanwise vorticity into compressible shear 
flows has proven to be much less effective in improving 
the mixing characteristics of such flows, and actually 
reduces the shear layer thickness and growth rate in 
some cases. Amette et al. attributed this to the 
inability of the compressible shear layer to amplify two- 
dimensional disturbances. It was also noted that the 
proximity of the two-dimensional disturbance to the 
edge of the splitter plate had a significant effect on the 
performance of any introduced disturbance. The work 
of Smith and Smits, on a Mach 2.9 boundary layer 
successively distorted by a 20° compression and a 20° 
expansion, also suggests that a strip disturbance does 
not enhance mixing. Their study showed that, although 
the mean velocity profile had recovered by their last 
measurement position, approximately 205o downstream 
of the initial distortion, the Reynolds stresses were still 
decaying in the interior portion of the boundary layer. 

Extension of such a technique to base flows 
seems quite natural. Influencing the turbulent structure 
organization (and thus mixing between the frvestream 
and core fluid) may substantially alter the base pressure 
and drag characteristics of a bluff object. Therefore, 
surface disturbances could prove useful as a passive 
control technique. This is the subject of the current 
paper. 

American Institute of Aeronautics and Astronautics 



AIAA 2001-0286 

Flow Facility and Equipment Results and Discussion 

The axisymmetric, supersonic flow facility in 
the University of Illinois Gas Dynamics Laboratory was 
etaployed in this study. This is a blowdown-type wind 
tunnel, with compressed air supplied to the plenum 
chamber from an array of storage tanks, which are filled 
by an Ingersoll-Rand compressor. The base model is 
supported by a 63.5 mm diameter sting, which extends 
through the supersonic converging-diverging nozzle. 
The fieestream flow prior to separation from the base 
model is at a Mach number of 2.46, with a unit 
Reynolds number of 52x10* m'', and typical stagnation 
conditions of Po= 368 kPa and T^ 300 K. The 
turbulent boundary layer thickness on the 
sting/afterbody just prior to separation has been 
measured to be 3.2 mm. 

The surface disturbances were formed in this 
study by application of pieces of adhesive shipping 
label to the surface of a blunt-based afterbody; see Figs. 
2 and 3. As stated earlier, disturbances as small as 1/12 
of the velocity deficit thickness have been found 
sufficient to produce asymmetries in overexpanded and 
ideally expanded jets. In our facility, this translates to 
a disturbance thickness of approximately 0.1 mm, the 
approximate thickness of the shipping label material. 
The disturbance thickness was altered by applying 
multiple layers of the labeling material. Because a 
large variety of tab configurations were examined, easy 
application and removal of the surface disturbances, as 
well as cost of the disturbance material, were key issues 
in choosing the tab material. 

For imaging data acquisition, the planar 
Rayleigh/Mie scattering imaging technique was 
implemented in this study. In the past, this method has 
proved invaluable in visualizing and quantifying the 
turbulence snucture of compressible shear flows.'^'^' 
Liquid ethanol is injected into carrier air approximately 
1.5 meters upstream of the plenum chamber. The 
ethanol quickly evaporates as it is carried into the 
plenum. As the ethanol and carrier air are accelerated 
supersonically, the rapid expansion causes the vapor to 
condense into a fine mist, with a mean droplet diameter 
of approximately 0.05 \im.^ This condensation occurs 
at thermodynamic conditions that correspond to a Mach 
number of approximately unity;^ therefore, the 
interface between the supersonic outer flow and 
subsonic inner flow is marked. A thin laser sheet, 
generated by a ND:YAG laser, producing 
approximately 400 mJ per pulse at a frequency-doubled 
wavelength of 532 nm and with an 8 ns pulse width, 
illuminates the mist; see Fig. 4. A 14-bit, back- 
illuminated, unintensified Photometries CCD camera is 
used to image the illuminated droplets. 

8 13 
As King et al.   and Island    demonstrated in 

their work, introducing delta-shaped disturbances of 
finite thickness to nozzle and splitter plate- trailing 
edges introduces streamwise vorticity into the 
flowfield. This yorticify can significantly alter the 
entrainment and mixing characteristics of the shear 
layer. In theory, the streamwise vorticity generated by 
introducing such disturbances to the afieiitody of a bluff 
object will likewise lead to enhanced interaction 
between the freestream and recirculation regions of the 
flowfield, thereby decreasing base pressure. 

Preliminary studies using the Mie scattering 
visualization technique were performed to establish 
that, indeed, flow disturbances are generated and visible 
due to surface tabs of 0.1 mm thickness (approximately 
1/12 of the velocity deficit thickness). The apparent 
effects of the disturbance in the current base flow were 
significandy weaker than the reported effects of 
previous authors who investigated jets. Several reasons 
are possible for this difference. First, the thickness of 
the boundary layer relative to the other geometric 
length scales (splitter plate length or nozzle or base 
diameter) is significantly smaller in the current study. 
Second, turbulence amplification mechanistns, such as 
Taylor-Goertler instabilities, which have been shown to 
affect the initial development of underexpanded jet 
flows ' are not present in our base-flow facility, 
while they are present in the work of King et al. 
Finally, the expansion fan present at the base comer 
separation point acts to dampen turbulence fluctuations 
in the current flow. 

Imaging positions have been chosen to 
correspond with key features in the flowfield. It is 
assumed that the locations of the mean reattachment 
point and the recompression shock system are 
approximately the same as for the blunt-based 
flowfield. The imaging locations are described in Table 
1. Positions A and B correspond 1o the free shear layer 
region of the flow, where pressure and extra strain rate 
effects are negligible. Position C is located in the 
center of the recompression region, where the ouva 
flow begins to align itself with the symmetry axis. 
Position D is located at the mean reattachment point for 
the blunt-based case, and position E is in the developing 
wake region of the flow. The local convective Mach 
number of the shear layer, mean enclosed end-view 
area, and angle of the shear layer with respect to the 
symmetry axis are given for each imaging location in 
Table 1. 
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Delta-Shaped Tabs 
8 13 In accordance with previous work, ' the tab 

geometry has been chosen to have an apex angle of 30° 
and a thickness of 0.1 nun or greater. The delta-tab 
geometry and placement are displayed in Fig. 2. In 
preliminary results, tab thicknesses of 0.3 mm or 
greater were found to produce much more significant 
effects on the shear layer, while not creating significant 
flow blockage and disturbance, than the 0.1 mm thick 
tabs. Therefore, all further work reported here is for ub 
thicknesses of 0.3 mm and 0.5 mm. 

Base Pressure Measurements 
Figure S presents the effect that uniformly 

spaced tabs of 0.3 nun and 0.5 mm thicknesses have on 
the afterbody base pressure as a function of the number 
of tabs. The presence of the tab disturbances does lead 
to decreased pressure on the base (increased 
entrainment), as expected. For the 0.5 mm thick tabs, 
the base pressure is shown to steeply decrease with the 
addition of more tabs. For geometries containing more 
than eight tabs of 0.5 mm thickness, the effect of 
additional tabs is diminished, and the base pressure 
asymptotes to a value approximately 10% lower than 
that for no disturbances. The 0.3 mm thick tab 
disturbances affect the base pressure as well, but the 
effect of additional tabs is much more gradual. The 
base pressure asymptote approached with increasing tab 
number appears to be similar for the 0.3 mm tabs as for 
the 0.5 mm tabs. 

Delta-Shaped Tab Visualizations 
Based on the base pressure results shown in 

Fig. 5, a detailed imaging analysis of the 8-tab case was 
conducted. Instantaneous and average images were 
acquired in both the side- and end-view orientations 
(Figs. 6 and 7) for both the 0.3 mm and 0.5 mm 
thickness cases. Modest ensembles (approximately 50 
images each) of instantaneous images have been 
acquired so that the appearance and organization of the 
large-scale structures can be examined. Average images 
have also been captured (by leaving the shuner open for 
a large number of laser flashes) so that the mean nature 
of the flowfield can be quantified. The images and 
analyses of the 0.5 mm tab case are presented here. 
The images obtained for the 0.3 mm thick ub case are 
qualitatively similar to the 0.5 nun tab case. 

Side-view global composite images have been 
acquired both along the center axis of the tab (Fig. 6, 
top), and in the plane between ubs (Fig. 6, bottom). 
Most of the qualiutive features appear much the same 

21 as in images for the no-tab. blunt-base case. The 
expansion fan. which emanates from the base comer, is 
evident as a dark region on the left-hand side of the 

images, and recompression shocks can also be seen to 
emanate from the center of the image as bright 
discontinuities in the flowfield. In Fig. 6 (top), the tab- 
center composite image, a weak shock structure is 
evident upstream of the expansion fan, emanating from 
the leading edge of the tab. This flow disturbance 
appears to be weak, since it propagates parallel to the 
initial wave in the expansion fan. indicating that it is a 
Mach wave. The most important features' visible in 
these composite images, though, are the turbulent 
structures that exist along the interface between the 
outer fieestream and recirculating flows. The character 
of these structures is significantly different than what is 
seen in the no-tab case. The structures appear to be 
more evenly spaced (or more organized) than for die 
blunt-base case prior to the mean reattachment point 
(just to the right of the center of the image). The blunt- 
base study demonstrated some evidence of regular 
turbulent structure spacing in the side view after the 
mean reattachment point, but not before. It is also 
noted that there are both more structures visible and 
that the structures are apparently larger along the tab 
axis (Fig. 6, top) than in the plane between tabs (Fig. 6, 
bottom). 

The reason for the latter difference seen in the 
side views is apparent when examining the mean and 
instantaneous end-view images presented in Fig. 7. The 
large streamwise-oriented structures are aligned along 
the base comers of the delta-tab disturbances. The 
mean images (right side of Fig. 7) show that w-shaped 
disturbances persist behind the tab positions along the 
interface all the way to reattachment, position D. King 
et al. suggest that this w-shaped feature is caused by 
the presence of a counter-rotating streamwise vortex 
pair. If this suggestion is indeed correct, then the large- 
scale turbulence, which is randomly oriented in the 
absence of tabs, has been organized into streamwise 
vortices due to the presence of the tabs in this base 
flow. 

In the trailing wake (Fig. 7e). the mean images 
show   no  lingering  organized  disturbances   in  the 
flowfield, and the mean shear layer spears to be 
circular and symmetric, as in the no-tab case.   This 
suggests that the reattachment process de-stabilizes die 
organization of the streamwise vortices. 'Extra' rates- 
of-strain.   such   as   lateral   streamline  convergence. 
concave    streamline    curvature,    adverse    pressure 
gradients, and axisymmetric confinement act in the 
reattachment region, and therefore alter the nature of 
the   large-scale   turbulence.       Evidence   of   such 

21 phenomena in blunt-based    and boattailed afterbody 
flows, obtained via spatial correlation analysis, also 
suggest that this occurs. The current images are among 
the first to visually demonstrate that the reattachment 
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process randomizes the large-scale turbulent structure 
organization in compressible base flows. 

The average shear layer thickness at the five 
measurement locations, measured from die average 
end-view images (Fig. 7, right), is presented in Fig. 8. 
These measurements show that, near the base, the shear 
layer growth rate is significantly larger for the 8-tab 
case than the no-tab case. This indicates that the 
entrainment and mixing near the base are enhanced by 
the streamwise vorticity generated by the delta-shaped 
disturbances. This is, of course, consistent with the 
lower base pressures measured for the tabbed cases 
compared to the no-tab case. Fig. S. 

The last feature of interest in Fig. 8 is the large 
decrease in shear layer thickness for the 8-tab case at 
the mean reattachment point, x/X, = 1.0. As indicated 
in the average images (Fig. 7, right), the organization of 
the streamwise vortices appears to diminish 
significantly at position D (reattachment) and 
disappears completely at position E (near wake). The 
recompression and reattachment processes thus 
significantly weaken the organized structures present 
within this flow, being predominantly associated with 
the streamwise vortices formed iiom the delta-shaped 
tabs. Thus, mass entrainment into the shear layer is 
significantly decreased. 

Strip Tabs 
As mentioned previously, the strip disturbance 

has been documented as not only being less effective at 
promoting mixing in planar shear layers, but actually 
decreases mixing in some cases. It has also been 
noted that the proximity of the disturbance to the 
splitter plate tip can significantly alter the mixing 
benefit or detriment of the disturbance generator. 
Velocity measurements in supersonic boundary layers 
subject to multiple distortions show that, downstream of 
such disturbances, the Reynolds stresses do not recover 
in the inner portion of the boundary layer for at least 
205. Therefore, the true benefit of the strip tab could 
possibly be to decrease mixing, and thus increase base 
pressure (reduce base drag) instead of increasing 
mixing. 

Base Pressure Measurements 
With this motivation, base-pressure data were 

acquired to quantify the effect that strip disturbances 
have on the drag characteristics of axisynunetric 
compressible reattaching flows. Three tab geometries 
were chosen: a single 12 mm wide tab, a single 6 nun 
wide tab, and a double tab, consisting of two 6 mm 
wide tabs separated by 6 mm. The proximity of the 
trailing edge of the tab system to the base comer was 
varied from 0 to 25 nun. For all three cases, the tabs 

were 0.5 mm thick. The results of the base pressure 
measurements as a function of tab position are shown in 
Fig. 9. All three cases demonstrate a base pressure 
maximum for a tab placement approxintately 12 mm 
upstream of the base comer. The 12 mm wide single 
tab produces a slighdy higher base pressure than the 6 
mm wide single tab, and the dual-tab configuration 
slightly outperforms either single-tab configuration. 
The optimal benefit of the strip disturbance can lead to 
a base pressure increase of 2.5-3.1%, without 
accounting for the increased drag caused by the 
disturbance itself. 

Strip Disturbance Visualizations 
Because the maximum base-pressure increase 

of the strip disturbances is small, only the 12 mm wide 
strip tab, located 12 mm from the trailing edge of the 
base, is examined with the Rayleigh/Mie scattering 
technique. The effect of adding the strip disturbance is 
decidedly more difficult to see directly in the side- and 
end-view images than for the delta-shaped disturbances, 
since the primary vorticity component created is 
circumferential instead of streamwise-oriented. 
Therefore, large ensembles of images have been 
obtained in both the side and end views so that statistics 
can be obtained to quantify the effect that the strip 
disturbance has on the turbulent structures of the near 
wake. As in previous studies of this type, ' ' ' 
five imaging locations have been chosen to represent 
the different suges in the development of the near 
wake. Ensembles of SOO images have been gathered at 
each imaging position, and in both the side and end 
views. It has been %hown previously that ensembles of 

20 this size are sufficient to produce stable statistics. 
Instanuncous images from the near-wake 

region of the axisynunetric reattaching flow altered by a 
strip disturbance are presented in Fig. 10. Average 
images, like those presented for the delta-shaped 
disturbances in Fig. 7. are not presented, as the 
ensemble-averaged shear layer does not contain any 
significant features. As in the no-tab case, the shear 
layer is circular and symmetric in the end view, 
indicating that there is no significant, stationary, 
streamwise-oriented structure like that seen in the near 
wake of the delta-ub base. Qualitatively, the 
instantaneous images seem very similar in character to 
both those of the delta tab-disturbed and no-disturbance 
base flowfields. The differences lie in the organization 
and apparent activity of the turbulent structures visible 
along the interface. In the side view (Fig. 10, left), the 
structures appear to be relatively evenly spaced, a 
feature rarely seen in the no-tab case. This suggests 
that there may be a periodic shedding of the turbulent 
structures from the strip tab. The other feature that 
demarcates these images fi'om the no-tab case is that. 
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like images from the near wake of a boattailed 
afterbody, the apparent 'activity' of the structures 
appears to be lower than in the no-tab case. The border 
between the fteestream and core fluids contains more 
gray scales and fewer serrated and/or jagged edges. 

The average shear layer thickness at each 
imaging position is presented in Fig. 11. These results 
show that the shear layer is thicker through the mean 
reattachment point due to the presence of the strip 
disturbance. The shear layer growth rate displays a 
significantly different behavior, however. In the strip- 
tab case, the growth rate near the base is slightly lower, 
indicating lower entrainment rates and, thus, higher 
base pressure. Fig. 9. * The shear layer growth rate, 
interestingly, is virtually constant throughout the near- 
wake region for the strip-disturbance case. This 
indicates that the adverse pressure gradient and 
streamline curvature effects that promote an increased 
growth rate in the no-tab case do not affect the strip-tab 
near wake in the same fashion. The most readily 
apparent difference between the strip and non-disturbed 
cases is the proximity of the shear layer interface to the 
centerline (closer for no tabs). Therefore, streamline 
convergence effects can be deduced as responsible for 
the change in slope apparent in Fig. 11 for the no-tab 
case at the mean reattachment point. 

SAope Factor 
As defined in this study, the shape factor is the 

ratio of the actual length of an interface to the 
theoretical minimum interface length. For example, 
when viewing an enclosed interface, such as the shear 
layer seen in the current end views, the minimum 
interface length would be the circumference of a circle 
encompassing the same area. For an open interface, 
such as seen in the current side views, the minimum 
interface length would be that of a straight line 
connecting the most upstream and downstream 
boundary points. The shape factor is intended to be an 
indication of the 'mixing potential' of a given interface. 

The side- and end-view shape factor values 
25 calculated for the strip-tab and no-tab cases     are 

presented in Fig. 12.   These results are the mean of 
approximately 500 shape factor values of each image 
ensemble,    and    the    uncertainty    bars    on    the 
measurements are the RMS values calculated for the 
ensemble at each imaging location. 

Several  interesting trendis  are seen  in the 
graphs of Fig. 12.   First, the shape factor appears to 
change very little between imaging locations B and C, 
and then io decrease between C and D in the side view 
for the strip-tab case.  This decreasing trend, although 
small,   indicates   that   there   is   little   mixing   or 
development occurring near reattachment in the strip- 

disturbed near wake. At position A near the base, the 
side-view shape factor is markedly higher for the strip- 
disturbed flowfield than the non-disturbed flowfield. 
However, at the mean reattachment point, position D, 
the shape factor values are approximately equal. 
Another noteworthy difference between the strip- 
disturbed and non-disturbed flowfields is apparent in 
the end view at position D, the mean reattachment 
point. In the no-tab case, there is a jump, in the end- 
view shape factor value from that at position C due to 
the impingement of the shear layer on the centerline, 
and the three-dimensional nature of the reattachment 

25 process. For the strip tab-disturbed flow, there is no 
change in the rate of increase of the end-view shape 
factor at this position. This indicates that the streamline 
curvature and axisymmetric confinement effects seen in 
the no-tab case do not generate the same type of 
mixing at the mean reattachment point for the strip-tab 
case. The final result of interest is seen in the last 
imaging position in the developing wake. Because of 
the lower pressure rise due to the higher base pressure 
in the strip-disturbed case than in the no-tab case, the 
mixing enhancement it causes is much smaller, and the 
shape factors are much lower downstream as a result. 

j25 
Steadiness/Flapping Motions 

A technique has been developed*" to 
characterize the large-scale turbulent motions present in 
the near-wake region. The location of the interface 
between die outer and recircuiation/wake flows is 
defined as the location of a given percentage of the 
maximum intensity value seen in the shear layer. The 
position of this interface is then simply monitored over 
a large ensemble of images. In the side view, to limit 
the influence that the passage of one turbulent structure 
has on the reported flapping motion, a spatial average 
along the shear layer is used in the estimate. The 
flapping is then quantified by the RMS displacement of 
the ensemble of interface locations from its mean 
position. In the end view, because of the toroidal shape 
of the shear layer, two distinct types of motion can be 
defined: area-based or pulsing motions and centroidal 
or flapping motions. The interface in the end views is 
defined in exactly the same manner as for the side view. 
The core fluid is then defined as all contiguous points 
that have intensity values lower than the defined 
interface value. End-view pulsing motions are 
extracted from variations of the core-fluid area, while 
centroidal motions are extracted from the ntotion of the 
core-fluid centroid fiom frame to fiame. 

13   14 If the assertions of other researchers ' can 
be extended to the current work, several key patterns 
should be visible in the steadiness and flapping analysis 
of the strip-tab case. First, one would expect the overall 
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level of shear layer motion to increase iiroin the no-tab 
14 case. In Smith and Smits' work, it was shown that 

the Reynolds stresses in the inner portion of the 
boundary layer were much lower after successive 
distortions. When the Reynolds stresses, which 
indicate the level of organized turbulent motions in a 
flow, are low, the reattaching shear layer should be 
more prone to pulsing and/or flapping types of motion, 
especially near the base. Second, due to the spanwise 
vorticity promoted by the strip disturbance, it is 
expected that pulsing or axisymmetric motions will 
again be higher near the base. Such instability modes 
are not naturally enhanced in flows with such a large 
convective Mach number (-1.3 near the base. Table 1) 
as the current flow, so this enhanced motion should be 
quickly damped. Third, the circumferential vorticity 
generated by the strip tab should enforce flow 
symmetry. The back-and-forth 'sloshing' motions that 
were present in the no-tab case in the recompression 
region (position C) and developing wake (position E) 
should not be present in the strip-tab results. 

The results of the steadiness analysis are 
presented in Figs. 13-15. As expected, both area-based 
(Fig. 14) and centroidal motions (Fig. IS) are 20-30% 
higher at position A for the strip-tab case. This leads to 
an almost 50% increase in apparent flapping motions 
seen in the side view at this position (Fig. 13). These 
enhanced motions are quickly damped, however, 
leading to dramatically lower levels of fluctuations by 
position B, the second imaging position. From position 
B to the last imaging position (Position E), both area- 
based. Fig. 14, and centroidal. Fig. IS, fluctuations 
slowly increase. In the side view, the shear layer 
motion tells a slighdy different tale (Fig. 13). The 
flapping motions for the strip-tab base are damped 
between positions A and B, but still remain higher at 
position B than for the no tab-case. From Position B 
downstream to position E, the variation of the flapping 
motions of the strip-tab case mirror those of the no-tab 
case, but are about 3-5% of the local shear layer 
thickness larger. The difference lies in two factors. 
First, the area-based fluctuations seen in Fig. 14 persist 
at a relatively high level throughout the recompression 
(position C) and reattachment (position D) regions in 
the strip-tab case. Second, the 'sloshing* motions 
observed in the no-tab case at positions C and E are not 
indicated in the side-view measurements, because they 
were based on the preferential orientation of the 
turbulent structures in the end view. 

Spatial Correlation Analysis 
A spatial correlation analysis technique is 

employed to estimate the mean size, shape, and 
orientation of the turbulent structures present in the 
shear layer.    The technique compares the intensity 

fluctuations at designated basis points in the shear layer 
with the fluctuations at all the pixels in the entire image 
frame. This is done for a large ensemble of images, and 
is then normalized by the RMS intensity of each point 
and the RMS intensity of the basis point for the entire 
image. Ensembles of a minimum of 500 images were 
used for each correlation, which has been shown by 

22 Smith    to produce stable statistics. This technique has 
19 21 22,24 been used in several previous studies ' * and has 

proven to be highly effective at characterizing the 
'average' turbulent structures present in shear layers. 
The images acquired in this study were of relatively 
low intensity, occupying only 10% of the dynamic 
range of the CCD. Therefore, an intensity-averaging 
technique was employed to increase the fidelity of the 
statistics gathered from the raw images. This reduces 
the intensity variations caused by variations in the 
seeding levels and laser sheet intensity, thus reducing 
the noise level in the correlation field. All statistics are 
based on the 0.5 correlation contour, where the 
correlation has been normalized to have a maximum 
value of 1. 

The spatial correlation fields at all five 
imaging positions are presented for the side view in Fig. 
16. The frames are oriented such that the horizontal 
axis is parallel to the symmetry line of the near wake, 
and the vertical side of each fi^e has a length equal to 
one local shear layer thickness. The features of these 
contours are qualitatively similar to those of the no-tab 
case. In the fiee shear layer, positions A and B, the 
turbulent structures occupy approximately ¥i of the 
shear layer thickness, and are inclined at approximately 
45" from the mean shear layer direction. In the 
recompression region, position C, the structures become 
strained, stretching well over a shear layer thickness in 
length, and rotating to a shallow angle with respect to 
the shear layer. In the wake region, the turbulent 
structures relax back to a shape akin to those of the 
initial imaging positions. 

Another   feature,   rotation   of  the   interior 
contour levels with respect to the outer contour, is also 
present in the correlation fields of the strip-disturbed 
case at positions B, C, and D.  It has been postulated 
that this rotation of the inner contours occurs in regions 
of the flow where destabilizing influences act on the 

22 21 peripheries of the structures.      In the no-tab case, 
inner-contour rotation is evident at positions B and C, 

24 while for the boattailed case, it was evident at 
positions C and D. The present results are thus 
consistent with these previous findings. Lack of inner- 
contour rotation at position B for the boattailed 
afterbody was attributed to the weakened influence of 
the adverse pressure gradient for this flow geometry. 
Conversely, the contour rotation evident at the mean 
reattachment  point,  position D,  for the boattailed 
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afterbody was attributed to the diminished influence of 
lateral streamline convergence (a stabilizing influence) 
due to the longer reattachment length and higher base 
pressure. The current strip-disturbed flowfield displays 
an increase in base pressure that is less significant than 
in the boattailed afterbody case. Therefore, a hybrid 
situation exists; the recompression process is strong 
enough to be evident here, leading to contour rotation at 
position D. 

The end-view spatial correlation fields for 
imaging positions A-E are presented in Fig. 17. The 
correlation contours are oriented such that the 
fi-eestream is at the top of the frame, wiiile the 
recirculation/wake core region is at the bottom, and 
flow is out of the page. Aside from imaging position A, 
the mean structure is slightly elliptical, with the long 
axis pointing from the core fluid region to the 
iireestream. The mean structure at position A, however, 
displays a much different character. Due to the 
increased flapping and/or axisymmetric pulsing 
motions generated by the strip disturbance (due to 
increased circumferential vorticity), the mean structure 
occupies a circumferential span of approximately two 
shear layer thicknesses. The high convective Mach 
number near the base dictates that spanwise structures 
will not remain coherent and, thus, there is no trace of 
this spanwise dominance at position B or fiirther 
downstream. 

Figures 18 presents the primary statistical 
results of the correlation analysis in the side-view 
orientation for both the strip-disturbed and no-tab 
flowfields. The lengths of the major and minor axes 
of the mean large-scale structures correspond to the 
symbols *a' and 'b,' respectively. The results are 
qualitatively similar for the two cases, especially prior 
to the mean reattachment point (x/X, =1). 

In the initial portions of the developing shear 
layer, the mean large scale structures grow at a rate 
approximately equal to the growth rate of the shear 
layer, while maintaining a relatively constant 
eccentricity and rotating down toward the streamwise 
axis. The structure-angle near the base (Fig. 18, 
bottom) is actually slightly larger for the strip-tab case 
than for the no-tab case. This is in contrast to the side- 
view correlation results for the boattailed base 
flowfield,^ in which the side-view structure angle is 
consistendy lower than the no-tab case. For the 
boattailed afterbody, it was suggested that, due to the 
decreased structure angle in this region, less interfacial 
area was available for entrainment and mixing, leading 
to higher base pressure and lower base drag. From die 
structure-angle measurements presented here, it is seen 
that the mechanism causing higher base pressure in the 
strip-tab case is slightly different. The diversion of 
turbulent energy into enhanced flapping motions near 

the base (Fig. 13), which does not actively promote 
mixing, may be responsible for the higher base pressure 
in this case. 

The first significant deviations in die side-view 
correlation results presented for the no-tab and strip-tab 
results are seen at the mean reattachment point. The 
mean structure size is substantially higher for the strip- 
tab case than the no-tab case, and the mean structure 
angle actually increases firom the value in the 
recompression region, rather than decreasing, as in the 
no-tab case. Both of these features can be attributed to 
the proximity of the shear layer in this region to the 
centerline (Table 1). In the no-tab case, the end-view 
core area approaches a minimum value of 
approximately 12% of the base area in this region. Fbr 
the strip-tab case, the end-view core area at the mean 
reattachment point is 23% of the base area. Because of 
this, interaction across the centerline and axisymmetric 
confinement effects are much less significant for the 
strip-tab case. These effects were deemed responsible 
for the rapid decrease in structure size in the no-tab 
case, so it is plausible that their diminished role in the 
strip-tab base flow accounts for this difference. 

Statistical results from the end-view 
correlation analysis are presented in Fig. 19. The most 
distinctive features of these results are present at the 
first imaging location. Due to the axisynunetric mode 
promoted by the strip disturt»nce. the correlation 
statistics indicate that a large and eccentric mean 
structure, oriented along the shear layer circumference 
is present at the first imaging position (position A); 
refer to Fig. 17. The axisymmetric disturbance is 
quickly damped, however, and the dimensionless mean 
structure size approaches a constant value of about 0.65 
at the remaining measurement locations. The structure 
size appears to be unaffected by the adverse pressure 
gradient and reattachment processes at positions C and 
D. The structure eccentricity stays approximately 
constant (within measurement accuracy) and slightly 
above zero for all imaging positions after the first. 

The ratio of end-view lo side-view structure 
sizes (Fig. 19, bottom), which is an indicator of the 
preferential organization of the turbulence, indicates 
that, after the first imaging position, the same trends are 
apparent with and without the strip-tab disturbance. 
The initial span-wise dominance of the structures for 
the strip-tab geometry is quickly damped due to the 
high convective Mach number of the shear layer. The 
strip tab results actually indicate a smaller 
circumferential-to-streamwise aspect ratio of the mean 
structures for the strip-tab base for all imaging positions 
after the first. 
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Conclusions 

This work demonstrates that sub-boundary 
layer surface disturbances can significantly alter the 
mixing and drag characteristics of the base region in a 
compressible, reattaching, axisymmetric flow. The 
disturbances accomplish this by altering the turbulence 

' structure in the base region. 
Delta-shaped disturbances produce a pair of 

streamwise-oriented structures, which are plainly 
visible in average end-view images through the mean 
reattachment point, position D. These structures 
enhance mixing near the base, resulting in up to a 10% 
decrease in base pressure. The recompression and 
reattachment processes de-stabilize the organization of 
the streamwise vortices such that the mean end-view 
images of the wake region are circular and symmetric. 

Axisymmetric-strip disturbances are shown to 
enhance both axisynunetric (pulsing) and centroidal 
shear layer motion near the base, without significantly 
altering the mean turbulence structure evident in the 
side view. This symmetric motion enhancement leads 
to a large, circumferentially eccentric end-view 
structure at the flrst imaging position. Due to the large 
convective Mach number in the near-wake region, this 
enhanced flapping motion and end-view mean structure 
shape is quickly damped. Because the turbulence 
generated by the strip tab is damped so quickly, the 
base pressure actually increases by up to 3%. 
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Table 1. Coordinates and flow parameters at imaging positioiis. 

Convective End-View 
Imaging Distance ih)m Mach Number Core Area Ra 

Position Location Base Comer K' (A/Afc«) 

A Shear Layer 18.4 mm* 1.23 0.88 

B Shear Layer 36.8* 1.40 0.69 

C Recompression 72.4' 1.24 0.28 

D Reattachment 84.1*' 1.09 0.23 

E Near Wake 135" 0.49 0.15 
"Measured along shear layer 
''Measured along oenterline 
'Estinaied from no-tab data 

Shear Layer 
Angle 

(degrees) 

9.9 

11.2 

6.8 

5.2 

2.2 
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Figure 1. Schematic of mean blunt-base flowfield. 

12.5 mm ± 
'T 

t = 0.1-0.5 mm 

Figure 2. Delta-tab configuration used in tliis 
study. 

Disturbance width: - 6 or 12 mm 
Disturbance thickness: ~ 0.5 mm 

Figure 3. Strip-tab configuration used in this 
study. 
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Figure 4. Mie scattering image acquisition system. 
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Figure 5. Effect of delta-shaped tabs on the base 
pressure of a cylindrical afterbody. 
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Figure 6. Instantaneous global composite images 
of near-wake flowfield for plane 
centered on (top) and between (bottom) 
tabs for 0.5 nun thick, 8-tab case. 
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Figure 8. Average shear layer thickness for 0.5 
nun thick 8-tab case. 

Figure 7. Instantaneous Qeft) and average 
(right) end-view images from position 
A (free shear layer), B (free shear 
layer), C (recompression), D 
(reattachment), and E (trailing wake) 
for 0.5 mm thick, 8-tab case. 
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Figure 9. Effect of strip tab on the base pressure 
of a cylindrical afterbody. Case A tab 
is 12 mm wide, case B tab is 6 mm wide, 
and case C is two 6 mm wide tabs 
placed 6 mm apart 

Figure 11. Average shear layer tiiickness of 12 
mm wide tab, located 12 mm 
upstream of base comer 

Figure 10. Instantaneous side- and end-views at 
selected imaging positions in near- 
wake region of strip tab-disturbed 
flow. 
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Figure 13. Side-view flapping motions seen in 
near walce of strip-tab flowfield. 
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Figure 14. End-view area fluctuations seen in 
near walce of strip-tab flowfleld. 
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Figure 15. End-view centroid motion seen in the 
near wake of strip-tab flowfleld. 

B 
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Figure 16. Side-view spatial correlation fields at 
imaging positions A-E for strip-tab 
case. Contours are at 0.1 intervals 
from 0.5 to 0.9. 
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Figure 17. End-view spatial correlation fields 
for strip-tab case. Contours are at 
intervals of 0.1 frona OJ to 0.9. 
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Figure 18. Side-view correlation statistics at 
imaging locations A-E for strip-tab 
case and comparison witti no-tab 
case. 

Figure 19. End-view correlation statistics at 
imaging locations A-E for strip-tab 
case and comparison with no-tab 
case. 
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Abstract 

The   flow   characteristics   of   a   three- 
dimensional, compressible, turbulent boundary layer 
have been investigated experimentally.   The three- 
dimensional   boundary   layer   was   generated   by 
inclining a cylindrical afterbody at 10° angle-of- 
attack to a Mach 2.45 freestream.  The objective of 
the study was to determine the mechanisms that 
govern die growth and behavior of pressure-driven, 
three-dimensional, compressible, turbulent boundary 
layers.    Laser Doppler velocimetry was used to 
determine   both   mean   velocity  components  and 
turbulence statistics. The results show a significantly 
thicker boundary layer on the leeward side of the 
body   than   in   the   windward   region.       This 
circumferential variation in boundary layer thickness 
is caused by a circumferential flow, which provides a 
mass surplus in die low-pressure, leeward region and 
a mass deficit in the high-pressure, windward portion 
of the boundary layer.    In addition, the pressure 
discontinuity at the angular junction and the axial 
pressure gradient also play a role in the boundary 
layer growth.   Turbulent normal and shear stresses 
peak in the inner third of the boundary layer, with an 
initial peak forming at the interaction of the oblique 
shock/expansion fan with the boundary layer.   The 
highly turbulent fluid on the windward side of the 
body is transported towards the leeward region by the 
circumferential flow in the boundary layer. 

Introduction 

The inclination of rockets, missiles, and 
other axisymmetric aerodynamic bodies to non-zero 
angle-of-attack causes an asymmetrical pressure field 
about   the   body,   providing   a  three-dimensional 

driving force diat creates a finite circumferential 
velocity in the boundary layer. If the aerodynamic 
body is flying at supersonic velocities while inclined 
at angle-of-attack, the three-dimensional pressure 
gradient about the boundary layer is further 
complicated by die presence of a pressure 
discontinuity (i.e., oblique shock or expansion fan) of 
circumferentially varying strengdi at die onset of the 
three-dimensional interaction. The behavior of a 
three-dimensional boundary layer of this type affects 
design parameters such as skin friction drag on die 
body and also plays a critical role in flow structural 
features such as lee-side separation vortices. In turn, 
diese features interact with the separated flow region 
in the near wake, diereby affecting the base drag and 
wake structure. Thus, understanding the behavior of 
these three-dimensional boundary layers is important 
in improving design and control of cylindrical 
supersonic bodies inclined at angle-of-attack. 

The general flow structure about a 
cylindrical slender body at angle-of-attack is well 
understood. Oblique shocks and expansion waves 
existent at the projectile forebody provide a pressure 
and velocity discontinuity at die onset of the three- 
dimensional interaction. Flow is driven from 
windward to leeward along the body, and may result 
in the formation of lee-side symmetric vortices 
depending on the combination of angle-of-attack, 
body length, and freestream velocity.' However, the 
detailed characteristics and behavior of the pressure- 
driven, three-dimensional boundaiy layer at the 
surface of the body are not well understood. 

Significant effort has been expended in the 
measurement of velocities in three-dimensional 
boundary layers. Experimental studies of three- 
dimensional boundary layers have been conducted 
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for low speeds in a variety of geometries with die 
three-dimensionality created by both pressure 
gradients and sur&ce shear stresses.^ In one 
particularly relevant study, Chesnakas and Simpson^ 
measured all three velocity components and the 
complete turbulent stress tensor in the boundary layer 
near the separation point on the leeward surface of a 
prolate spheroid. This geometry closely resembles 
the flow over the forebody of an axisymmetric 
projectile in subsonic flight. 

The available experimental velocity data for 
three-dimensional boundary layers with supersonic 
freestream velocities are quite limited.     Several 
researchers   have   studied   the   three-dimensional 
boundary layers generated downstream of oblique 
shocks created at both inclined and swept fms on flat 
surfaces.** Anotiier experiment used a fin designed 
with increasing curvature to study the effects of 
gradual increases in three-dimensionality on both the 
mean velocity and turbulence behavior of a boundary 
layer in supersonic flow.'-'  In particular, this study 
showed that in-plane streamline curvature tends to 
stabilize turbulence  intensities.'     Although these 
studies provide valuable insight into the development 
of   three-dimensional    pressure-driven    boundary 
layers, each involves boundary layer growth over a 
flat surface  which  does  not entail  the  surface 
curvature effects of a body of revolution at angie-of- 
attack.    Researchers have measured velocities in 
three-dimensional boundary layers generated from 
two-dimensional, axisymmetric boundary layers by 
adding an offset flare junction to the flow along a 
cylinder.'"  in addition, velocity measurements have 
been made in the boundary layer around cones 
inclined   at   angle-of-attack   to   generate   three- 
dimensionality.""'*   Although these studies do not 
precisely match the geometry of the cylindrical main 
body of an aerodynamic projectile, they do provide a 
similar circumferential  pressure  gradient to that 
imposed on an axisymmetric body in non-zero angle- 
of-attack supersonic flight. 

In the current investigation, experiments are 
conducted to measure the velocity field in the three- 
dimensional boundary layer about a cylindrical 
afterbody aligned at angle-of-attack in a supersonic 
freestream. Laser Doppler velocimetry (LDV) 
measurements are made at numerous spatial locations 
about the afterbody to provide mean velocity fields 
and turbulence statistics in the boundary layer along 
three meriodonal planes, with measurements located 
in both the windward and leeward regions, and also 
in a side plane at the circumferential midpoint 
between the windward and leeward regions. The 
velocity  data  are  then   compared   to  previously 

obtained surface streakline patterns and surface 
pressure data in the same flow'^ to determine the 
effect of three-dimensionality on the boundary layer 
development. These data help to improve 
understanding of three-dimensional, compressible, 
turbulent boundary layer development under 
pressure-driven conditions, and will aid in the 
numerical modeling of three-dimensional boundary 
layers. In addition, the data provide an initial 
condition for use in the numerical modeling of 
supersonic base flows at angle-of-attack. 

Experimental Facilities and Procedures 

A blowdown-type wind tunnel designed 
specifically for the study of axisymmetric base flows 
was used to complete these experiments. This 
facility has previously been used to make velocity 
measurements in the base region of supersonic 
axisynunetric base flows with and without base 
bleed.'*'" In this fecility, dried and compressed air 
passes from a stagnation chamber, through a flow 
conditioning section, and into an annular converging- 
diverging (c-d) nozzle. For the current experimental 
conditions, with a stagnation pressure of 565 kPa and 
stagnation temperature of 300 K, the c-d nozzle 
provides an axisymmetric flow with a nominal 
freestream Mach number of 2.5 as the flow pasises 
into the test section. The air flow exits the facility 
through a diffuser and silencing duct. Windows in 
the test section provide optical access to the 
afterbody sur&ce from three sides to allow for 
nonintrusive laser-diagnostic measurements. 

The experimental afterbody is supported by 
an annular sting running along the tunnel centeriine, 
which is supported far upstream of the c-d nozzle to 
prevent support interference effects from entering the 
measurement region. A schematic of the 
experimental afterbody and the flowfleld studied here 
is included in Figure 1. The cylindrical afterbody has 
a length-to-radius ratio of 3.0 and is inclined at a 10° 
angle-of-attack relative to the freestream flow. 
Figure 2 depicts a previously reported oil-streak 
visualization of the surface flow generated on this 
afterbody.'* Clearly, the 10° angle-of-attack provides 
sufficient three-dimensionality to transport fluid from 
the windward to leeward portion of die afterbody. A 
cylindrical coordinate system is used throughout this 
study aligned along the axis of the afterbody with 
positive axial (x) values oriented in the downstream 
direction. Radial distance (r) is measured from the 
axis, and circumferential angle (4>) is measured from 
0° on the windward surface to 180° on the leeward 
surface of the afterbody in a clockwise direction as 
observed from upstream.   For measurement of the 



qiproach boundary layers, the coordinate system is 
rotated so the radial coordinate (r") is measured from 
the sting centerline and normal to the freestream 
approach dnvction. Axial distance (x') is measured 
parallel to the freestream approach direction and 
circumferential angle is measured as previously 
discussed. 

A two-component dual-beam LDV system 
was used in these experiments with a 7-watt argon- 
ion laser generating green (514.S nm) and blue (488 
nm) beams. The probe volume formed by this four- 
beam crossing is 16S ^m in diameter. The fringe 
spacing of each beam pair is 14.5 and 13.6 ^m for the 
green and blue beams, respectively. The beam pairs 
are rotated to approximately ±45° from the incoming 
freestream direction to reduce fringe blindness, and 
Bragg cells provide a 40 MHz frequency shift to 
reduce   fringe   biasing   and   discriminate   reverse 
velocities. The intensity of light scattered from seed 
particles was collected at a 20° off-axis forward- 
scatter location and is converted to an analog voltage 
signal by two photomultiplier tubes.   The ofT-axis 
collection   location  and  pinhole  aperture   in  the 
receiving optics provide an effective probe volume 
length of 730 ^m.   A TSI IFA-750 autocorrelation 
processor was used to convert the photomultiplier 
tube voltage signal into the corresponding velocity. 
Data were collected using an Intel Celeron-based PC 
for processing and analysis.   Control of the LDV 
probe volume location was maintained through use of 
a three-axis,  computer-controlled traverse  system 
with a spatial resolution of ±1.5 pan in all directions. 

Seeding for the LDV measurements was 
provided by a six-jet atomizer that supplied silicone 
oil droplets to the flow through three tubes located 
downstream of the flow conditioning section and 
separated by 120" circumferentially. The seeding 
system produces droplets with a mean diameter of 
approximately 0.8 pan, which has been shown to be 
sufiHciently small to follow the high-frequency 
turbulence fluctuations in this flow." 

A series of radial profiles was measured 
using the LDV system, with the measurements 
concentrated in the boundaiy layer of die approach 
flow, and in the windward (<{» = 0"), leeward 
(<|) = 180"), and side (4* = 90°) planes of the afterbody 
boundary layer, as seen in Figure 3. Nine radial 
traverses were completed in the approach boundary 
layer, while ten, ten, and eleven profiles were 
measured in the windward, side, and leeward planes, 
respectively. Forty to sixty-six spatial locations are 
included in each radial traverse, with 4000 individual 

velocity realizations stored at most spatial locations 
for the computation of mean velocity and turbulence 
statistics. The effects of velocity bias on the LDV 
data were corrected using an interarrival time 
weighting scheme, which has been shown to be 
effective as a debiasing tool in compressible shear 
flows of this type." With this two-component LDV 
arrangement, both the streamwise and radial 
components of the mean velocity were measured 
simultaneously, but no measurements of the 
circumferential velocity component (which should 
have a zero mean value for all the data planes 
presented except for ^ - 90°) were obtained. In 
addition, both streamwise and radial normal stresses, 
<v,'^> and <Vr'^, and the axial-radial Reynolds shear 
stress, -<Vx'v/>, have been measured directly. The 
worst-case uncertainty in mean velocity and rms 
velocity fluctuations is estimated to be 1.2% and 
2.3% of the mean freestream velocity, V„ = 573 m/s, 
respectively.20 

Results and Discussion 

Approach Boundary Laver Velocity Measurements 

Upstream of the angular discontinuity, nine 
individual  boundary  layer velocity profiles  were 
measured, with three profiles each measured in the 
(t»= 0°, 90°, and  180* circumferential planes at 
different  axial   locations.      The   approach  mean 
velocity    profiles    depicted    in    Figure    4    are 
representative of the incoming velocity field at each 
angular position. Each velocity profile reveals a fiilly 
developed, compressible, turbulent boundary layer 
with no apparent interference waves impinging on it. 
The profiles for the various 4 positions also collapse 
reasonably well, suggesting the sting is well centered 
on the tunnel axis.   These experimental data were 
dien curve-fit to the theoretical profile of Sun and 
Childs,^'   which   was   developed   for   turbulent, 
compressible  boundary   layers.      Boundaiy  layer 
parameters   and   integral   thicknesses   were   then 
determined based on the theoretical curve fit to the 
experimental  data.     The  average  of these non- 
dimensional values for the three angular stations 
measured at x'/R = -0.031 is included in Figure 4. 
These non-dimensional values are consistent with 
those    previously    measured    for    axisynmietric 
approach boundary layers in the same facility.'^-^^ 
The  measured   freestream   velocity   of  573   m/s 
corresponds to a Mach number of 2.45, and the 
resulting   unit   Reynolds   number  was   calculated 
as 56 X lO' m''.  Streamwise turbulence intensities in 
the freesfream were consistently less than 2%.   The 



turbulence intensities peak at approximately 8% in 
tiie inner portion of the boundaiy layer. 

Mean Velocity and Boundary Layer Thickness 
Measurements 

Contours of dimensioniess velocity 
magnitude, (V,^ + Vr')"'A^«, in the * = 0», 90°, and 
180° planes are included in Figures Sa-c, 
respectively. Note diat in each case, die radial 
coordinate has been stretched widi respect to the 
axial coordinate to better observe the boundary layer 
interaction. In addition, for each contour plot, the 
body surface is located at the bottom edge of the plot 
at r/R = 1; see Figure 3 for orientation. To present 
these contour plots, the LDV data were passed twice 
through a five-point smoothing filter with a 
smoothing coefficient of O.S. In addition to the 
dimensioniess velocity magnitude contours, Figure 5 
depicts the two-dimensional flow streamlines in each 
plane that were generated by integrating the mean 
(V„ Vr) velocity data. 

The velocity magnitude results in the 
windward region (Figure Sa) depict the flow 
deceleration behind the compression shock created at 
the angular discontinuity, x/R =^ 0. Note that the 
slight apparent waviness in the shock is caused by 
interpolation between the discretely spaced velocity 
data. The dashed line in this figure represents the 
location of a compression shock created at a 10° 
planar compression comer based on compressible 
flow theory. The streamlines begin to turn at a 
location very close to that of the theoretical planar 
compression wave. However, die streamlines do not 
completely turn 10° to match the surface orientation, 
but instead continue to approach the surface. The 
streamline convergence at the windward surface 
results from the windward-to-leeward circumferential 
flow, I ^ which creates an efflux of mass from the 
windward portion of the boundary layer. This 
circumferential mass efflux also appears to result in a 
slight diinning of die boundary layer widi increased 
axial position along the afterbody. 

The velocity magnitudes on the side plane 
(Figure Sb) show a slight flow deceleration behind a 
weak oblique shock that occurs at the 
cylinder/afteitody junction. This agrees widi 
previously obtained pressure data,'^ Figure 6a, which 
show a weak compression occurring at the angular 
discontinuity (x/R = 0) in die (|) = 90° plane. Note 
that die velocity magnitude change in this region is 
very small (approximately 2.7%), and the streamlines 
remain almost straight in the region of the weak 

compression, suggesting that the wave behaves 
almost as a Mach wave. In fact, the location of the 
flow deceleration portrayed by the velocity data 
closely matches the location of a Mach wave in Mach 
2.45 flow (the Mach angle is 23.4°), as represented 
by the dashed line in Figure 5b. The boundary layer 
appears to remain feirly constant in diickness 
throughout the measurement region on the side plane, 
except in the most downstream region (see discussion 
below). 

The velocity magnitude results in the 
leeward region (Figure 5c) show a slight flow 
acceleration created by an expansion fan centered at 
the angular discontinuity, x/R = 0. The dashed lines 
in this figure represent the extent of a Prandtl-Meyer 
expansion fan centered at a 10° planar expansion turn 
based on isentropic compressible flow dieory. The 
streamlines begin to turn at a location approximately 
corresponding to the location of the theoretical planar 
expansion fim, although it appears that the flow 
rotation may begin slightly upstream of that seen in 
planar expansion fans. In addition, streamline 
curvature remains present well downstream of the 
expected end of the expansion fiui based on two- 
dimensional isentropic theory. The streamlines 
^pear to approach straight lines near the expected 
end of the expansion fan, but then begin to curve 
away from the leeward surface (i.e., there is an 
inflection in the streamlines) in the downstream 
region of the measurement domain. This curvature is 
most likely caused by the previously observed 
windward-to-leeward circumferential flow about the 
afterbody,'^ which creates an influx of mass to the 
leeward portion of the boundaiy layer. This mass 
entrainment in the leeward portion of the boundary 
layer would also account for the apparent growth of 
the boundary layer with axial distance. 

The axial variation in boundary layer 
thickness was quantified by integrating the mean 
velocity profiles to calculate the compressible 
boundary layer displacement thickness. 

S-=T,-^J^ldr (1) 

The freestream velocity at the edge of the boundary 
layer, V.,.,, varies axially in all three planes due to 
three-dimensional effects outside the boundary layer. 
The density distribution was estunated using the 
assumptions of adiabatic flow, a diermally and 
calorically perfect gas, a recovery factor of 0.89, and 
zero radial static pressure variation across the 
boundary layer. The compressible displacement 
thickness along die 4> = 0°, 90°, and 180° planes is 



plotted  in  Figure   6b,  together with  previously 
measured sur&ce pressure data'^ (Figure 6a) along 
diese same planes.    In the windward region, the 
boundary layer is compressed to a displacement 
thickness 0.4S times the approach thickness.   The 
majority of this 5* change occurs as the angular 
junction,, where the pressure increase across the 
compression shock forces a reduction in boundary 
layer thickness.   After this initial compression, two 
additional factors prevent the growth of the boundary 
layer during its axial development in the windward 
plane.  First, a fevorable pressure gradient occurs on 
the windward surface for x/R > 0.5, retarding an 
increase in 5*.  In addition, the windward-to-leeward 
circumferential flow about the afterbody (as seen in 
Figure 2) provides a mass efflux fh)m die windward 
region that also prevents boundary layer growth.  In 
the side region, it> = 90°, the displacement thickness 
initially remains relatively constant throughout its 
streamwise development before growing to 1.7 times 
larger than the approach value toward the end of the 
measurement domain. The circumferential mass flux 
effects in this region should be small as windward 
fluid merely "passes through" the side plane in its 
passage toward the leeward region, thus leaving the 
first neutral, then favorable pressure gradient as the 
main    factor    contributing    to    boundary    layer 
development.    The displacement thickness growdi 
near the end of the afterbody in the side plane may 
result from the mass surplus in the leeward region 
near the base edge.   Due to this excess mass in the 
leeward      region,      additional      mass     passing 
circumferentially  through  the   boundary  layer  is 
prevented from reaching the leeward plane, and 
instead piles up in the side region, thus resulting in an 
increase in displacement thickness.   In the leeward 
region,   after   a   small   initial   decrease   at   the 
cylinder/afterbody junction, 5* grows approximately 
linearly in thicloiess to 2.7 times larger than the 
approach displacement thickness.   The slight initial 
reduction  in 5* just downstream of the angular 
discontinuity is unexpected, as the reduced pressure 
behind the expansion fan should enhance boundary 
layer growth.   Downstream of the junction, though, 
the displacement thickness increases rapidly along 
die afterbody on the  leeward plane due to the 
combined effects of an adverse pressure gradient for 
x/R > 0.7 and the mass influx effect discussed earlier. 

The boundary layer velocity proflles were 
also integrated to compute the compressible 
momentum thickness, 6, 
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The axial variations in momentum thickness along 
die (|) = 0", 90°, and 180° planes are plotted in Figure 
6c. The axial variations in momentum thickness 
closely follow the qualitative trends noted previously 
for the displacement thickness. The changes in 
momentum thickness are also driven by similar 
mechanisms that control the variations in 
displacement thickness. Momentum efflux from the 
windward region and a favorable pressure gradient 
downstream of the compression shock result in a 
decrease of the momentum thickness in the windward 
plane. Similarly,     the    windward-to-leeward 
momentum flux created by the circumferential flow 
in the boundary layer, as well as an adverse pressure 
gradient, results in an axial increase in the leeward 
momentum thickness. The momentum dtickness on 
the (|) = 90° side plane remains relatively constant 
except in the most downstream region where it 
increases modestly. 

Turbulence Measurements 

Plots of the axial normal stress, 
nondimensionalized by the square of the freestream 
velocity, <v'^/Wj, in the boundary layer for all 
three measurement planes are included in Figure 7. 
In each of the measurement planes, the axial stress in 
the boundary layer increases while approaching the 
afterbody surface across the boundary layer, except 
very near the wall where it decreases to zero. Note 
that the axial Reynolds stress is of comparable 
magnitude in all three measurement planes. Stress 
levels peak in the inner third of the boundary layer, 
but the axial location of the maximum stress varies 
between the three measurement planes. The peak of 
axial stress in the windward plane (Figure 7a) is 
observed at x/R » 0.2, where <v'x^>/V„^ = 0.00521. 
In the side plane (Figure 7b), the location of 
maximum axial stress (<v'x^/V«,^ = 0.00666) is 
observed slightly further downstream, at x/R » 0.3, 
than in the windward plane. In the leeward plane 
(Figure 7c), a small initial axial normal stress peak 
(<\'x^>/yJ = 0.00282) is found at x/R « 0.1, where 
die expansion fan interacts directly with the boundary 
layer. This initial peak is followed fu^t by a slight 
decrease in normal stress, then an increase in stress to 
the maximum value of<v'^>fWj = 0.00545 near the 
surface at x/R » 1.1. Note that in all three planes, the 
maximum axial stress appears as an elliptically 
shaped region near the smfice. The location of this 
maximum stress region occurs directly behind the 
shock in the windward region, then appears to move 
further downstream through the side and into the 
leeward plane. This could be a resuh of the 
circumferential boundary layer flow, which advects 



the high axial stress fluid behind the oblique shocic 
trom the windward region into the side and leeward 
planes. This can be seen most clearly in the leeward 
plane, where the increase in axial stress from the 
expansion fiui is initially dissipated, but the axial 
stress then increases from the influx of high axial 
stress fluid from the windward region. Note that 
there is also a slight increase of axial stress observed 
in the windward plane in the region of the oblique 
shock outside the boundary layer. This stress 
increase is most likely a "false turbulence" caused by 
slight unsteadiness of the shock position. 

These axial normal stresses measured about 
the cylindrical body are similar qualitatively to the 
axial velocity fluctuations measured by Ausherman 
and Yanta on cones at angle-of-attack.'^ Both sets of 
data show axial velocity fluctuations peaking in the 
inner third of the boundary layer, with the peaks of 
similar magnitude in all circumferential directions. 
The conical data provides no evidence of 
circumferential variation of the axial location of the 
peak axial normal stress, however. Instead, the axial 
velocity fluctuations remained relatively constant 
throughout their axial development along the cone. 

Contour plots of the nondimensional radial 
normal stress, <\',^/^J, through the boundaiy layer 
in all three planes, are included in Figure 8. Note diat 
although the stresses increase in the inner portion of 
the boundary layer before falling to zero at the wall, 
the radial stress magnitude varies fairly substantially 
from plane to plane, in contrast to the behavior of the 
axial stress. This can be most easily observed by 
noting the scales on each contour plot. The radial 
stress magnitude on the windward side of die 
afterbody is approximately twice as large as that 
observed in the lee-side boundary layer. This 
increase in radial stress magnitude is most likely due 
to some type of radial stress ampliflcation that occurs 
in the shock^oundary layer interaction at the 
compression turn. This radial stress ampliflcation 
does not appear to occur as strongly as a result of the 
expansion turn on the leeward plane. The radial 
stress once again tends to peak in the inner third of 
the boundary layer, but the axial location of the radial 
stress peak varies much more than that observed in 
the axial stress contours. The peak of radial stress in 
the windward plane is observed just downstream of 
the oblique shock, at x/R«0.3, where 
<v'r^>A'„^ = 0.00561. This windward radial stress 
peak is much larger than that observed in the otiier 
planes, and is of approximately equal magnitude to 
the peak axial stress measurements. In the side plane, 
the location of the maximum in radial normal stress 
(<vV^>A'„^ = 0.003l3) is observed at the location of 

the angular discontinuity (x/R « O.OS), and a smaller 
magnitude secondary stress peak is observed further 
downstream, at x/R « 2.2. The radial stress in the 
leeward portion of the boundary layer initially peaks 
(<v',^A'„^ = 0.00182) just dovmstream of the 
angular discontinuity (x/R e 0.1) due to the 
interaction of the expansion fan widi the boundary 
layer. This initial radial stress peak dissipates 
axially, but then increases to the mvcimum value of 
<v',^/Wj = 0.00218 near the surface at x/R « 1.9. 
This region of high radial stress is elliptical in shape, 
but is much larger than that observed in the axial 
stress contours. In addition, this region of high radial 
stress in the leeward region is- much further 
downstream than that observed for the axial stress. 
The presence of this radial stress peak near the base 
edge may suggest incipient separation in this 
downstream region. This radial stress peak is less 
than half as large in magnitude as that observed in the 
axial stress contours in the leeward plane. There is 
no clear evidence of transport of this high radial 
stress fluid from the windward plane, through the 
side plane, and into the leeward region by means of 
the circumferential boundary layer flow, as was seen 
in the axial stress results. Once again, diere is also a 
slight increase of radial stress observed in the 
windward plane outside the boundary layer in the 
region of the oblique shock, similar to that observed 
in the axial stress contours, as a result of shock 
unsteadiness. 

These radial normal stress results differ 
signiflcantly from the radial velocity fluctuation data 
previously published for supersonic cones at angle- 
of-attack.'^ In the conical data, radial velocity 
fluctuations remained fairly constant across the 
boundary layer, unlike the distinct peak noted in the 
current cylindrical dau in the inner third of the 
boundary layer. The lack of a peak in die cone data 
may occur because measurements were only reported 
in the outer 80% of the boundary layer, allowing for a 
peak to potentially occur in the inner 20% where no 
measurements were obuined. In addition, the radial 
fluctuation magnitude in the conical data does not 
vary with circumferential location, unlike the current 
data for which a significantly higher radial normal 
stress is observed in the windward plane. This 
difference in radial stress ampliflcation in the 
windward plane most likely results because the 
boundary layer on the cone initiates at its tip, just 
downstream of the leading oblique shock. Because 
the boundary layer has no signiflcant thickness at the 
cone tip, there is no boundary layer present for which 
the shock may amplify the radial velocity 
fluctuations. 



Contour plots of the dimensionless axial- 
radial Reynolds shear stress, -<v\\';>/Vj, are 
included in Figure 9. The Reynolds shear stress 
follows the same general trends observed in both 
normal stresses, with the stress generally increasing 
towards the surface across the boundary layer before 
filing to zero at the wall. The shear stress is of 
approxnnately equal magnitude in each measurement 
plane. The peak of Reynolds shear stress in die 
wmdward plane is observed at the interaction of the 
oblique shock with the boundaiy layer at x/R « 0.0, 
where •<w'yt*f^J = 0.00186. In the side plane, the 
location of maximum Reynolds shear stress 
(-<v',v',>/V„^ = 0.00132) is observed at the location 
of the angular discontinuity (x/R « 0.0), with a 
secondary stress peak observed further downstream, 
at x/R « 2.5, where -<\'y,>/Vj = 0.00119. In the 
leeward portion of the boundary layer, the shear 
stress reaches a maximum of-<v'xV'^/V„^ = 0.00168 
near the base edge, at x/R » 2.5. Overall, the shapes 
of these Reynolds shear stress contours and the 
location of the shear stress peaks more closely match 
the radial normal stress results than the axial normal 
stress results. However, die nearly equal magnitude 
of shear stress in each measurement plane agrees 
with the observation of approximately equal axial 
normal stress in each measurement plane. The 
conical data of Ausherman and Yanta'^ also display 
similar trends between the axial velocity fluctuations 
and the axial-radial shear stress profiles. However, 
as was seen with the axial fluctuations, little axial 
variation in the axial-radial shear stress magnitude 
was observed in the conical data. 

Conclusions 

Laser Doppler velocimetry has been used to 
measure the velocity and turbulence fields in a three- 
dimensional, pressure-driven, turbulent, compressible 
boundar>' layer. The boundaiy layer was generated 
by inclining a cylindrical afterbody to 10° angle-of- 
attack in a Mach 2.45 freestream. This study permits 
determination of the physical behavior of this three- 
dimensional boundary layer and provides 
understanding of the fluid dynamic processes that 
occur on cylindrical afterbodies when inclined at 
non-zero angle-of-attack. Based on the velocity 
measurements, the following conclusions may be 
drawn. 

(1) The angular discontinuity used to create the 10° 
angle-of-attack results in a complex compression 
wave/expansion ^ of circumferentially varying 
strength. In the windward plane, the 
discontinuity   appeared   approximately   as   an 

oblique shock generated at a 10° planar 
compression comer in Mach 2.45 flow. On the 
side ((|> = 90°) plane, a small flow deceleration 
occurred at a position approximately equivalent 
to a Mach wave in M = 2.45 flow. Previously 
measured pressure data (see Figure 6a) suggests 
a weak compression in this plane. The small 
deflection of representative streamlines in this 
plane conflrms that the discontinuity on this side 
plane is a weak compression. In the leeward 
plane, the discontinuity occurred at a position 
approximately equivalent to a Prandtl-Meyer 
expansion fan for a 10° planar expansion comer 
in a Mach 2.45 fi-eestream. 

(2) The boundary layer is seen to compress on the 
windward side of the body, grow slightly along 
the axial extent of the side plane, and grow 
rapidly on the leeward side of the body 
throughout its entire axial development. The 
change in thickness of the three-dimensional 
boundary layer appears to be controlled by three 
factors. First, the angular junction creates a 
pressure discontinuity of varying circumferential 
strength. This pressure change should compress 
the windward portion of the boundary layer and 
expand the lee-side boundary layer. In addition, 
a circumferential flow in the boundary layer 
provides a transfer of mass and low-momentum 
fluid into the growing leeward boundaiy layer 
fi-om the shrinking windward boundary layer. 
Finally, the axial pressure gradient about the 
afterbody tends to increase the boundary layer 
thickness in regions of adverse pressure 
gradients and to retard the boundary layer growth 
in regions of favorable pressure gradients. Thus, 
the balance between these three factors governs 
the overall increase or decrease in thickness 
throughout the axial development of this three- 
dimensional, pressure-driven boundary layer. 

(3) The regions of significant Reynolds normal and 
shear stresses are confined to die boundaiy layer, 
with peaks in turbulent stresses found in the 
inner third of the boundary layer. Axial normal 
stresses tend to be greater in magnitude than the 
radial normal stresses. Peaks in axial normal 
turbulent stress tend to occur further upstream on 
the windward side of the afterbody, suggesting 
that turbulence generated in die oblique 
shock/boundary layer interaction was advected to 
the windward side of the afterbody by die 
circumferential flow in the boundaiy layer. The 
magnitude of radial normal stress in the 
windward plane is higher than either the leeward 
or side planes, suggesting that the interaction 



between the leading oblique shock and boundary 
layer amplifies radial velocity fluctuations. 
Although no flow separation has been observed 
or measured in the leeward region,'' the 
presence of a peak in radial normal stress that 
forms near the base edge in the leeward plane 
may indicate incipient separation in this plane. 
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Figure 6  Axial variation of: (a) surface pressure, (b) displacement thickness, and (c) momentum thickness in all 
three planes 
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PLANAR VELOCITY MEASUREMENTS IN AN INCOMPRESSIBLE AND A 
WEAKLY COMPRESSIBLE MIXING LAYER 

M. G. Olsen, Ph.D. Thesis 
Department of Mechanical and Industrial Engineering 

University of Illinois at Urbana-Champaign 

ABSTRACT 

High-vector-density planar velocity fields were obtained for an incompressible mixing 

layer and a weakly compressible mixing layer using particle image velocimetry (PIV). For the 

incompressible case the velocity ratio was 0.58, and the velocity fields were obtained at a 

location where Re^ = 1.8x10^ and Re^^ = 1.1 x lO'*, and the pairing parameter was Rx//l = 31. 

Hot-film measurements showed the mixing layer to be fully-developed at this location. The 

velocity vector fields indicate the existence of large, two-dimensional Brown-Roshko roller 

structures with a variety of shapes, orientations, and interactions. A "movie" was generated from 

various vector fields depicting the growth of the mixing layer by rotational pairing of two small 

roller structures into a larger roller.  The mean roller-to-roller spacing was found to be 2.6<^^, 

slightly less than the value of 2.9^^   found in previous flow visualization experiments. 

Conditionally averaged vector fields around rollers and braids were also calculated. The 

conditionally averaged roller structure is essentially round, while the conditionally averaged 

braid is obliquely oriented. Spatial correlations of velocity fluctuations were then determined, 

and these were used to find linear stochastic estimates of roller structures and braids. The linear 

stochastic estimate of a roller is slightly elliptical with the major axis oriented in the streamwise 

direction, and the linear stochastic estimate of a braid is obhquely oriented. 

For the weakly compressible mixing layer, the velocity ratio was 0.53, the density ratio 

was 0.67, and the convective Mach number was 0.38. Schlieren photographs show the growth 

rate of the weakly compressible mixing layer to be only 78% of that of an incompressible mixing 

layer with identical velocity and density ratios. At the location where the PIV images were 

obtained,  Re^=3.7xlO^   Re^^ = 1.8 x 10^ and Rx//l = 18.    The planar velocity fields 

obtained in this study fall into three regimes characterized by the size and number of large-scale 

structures present.   The large-scale rollers are either circular or elliptical, with the elliptical 



rollers having, in general, horizontal major axes. The transverse velocity fluctuations and 

Reynolds shear stress are suppressed for the weakly compressible mixing layer as compared to 

the incompressible case. The spatial correlations of velocity fluctuations are also smaller than 

those for the incompressible mixing layer, a consequence of the higher Reynolds number in the 

weakly compressible experiment, and their shapes suggest flattened elliptical roller structures 

with a horizontal major axis. The conditionally averaged and linear stochastic estimate of a 

roller structure in the weakly compressible mixing layer show them to be elliptical with the 

major axis oriented in the streamwise direction and with an eccentricity greater than for the 

incompressible case. The conditionally averaged and linear stochastic estimate of braids 

suggested that they are vertically oriented, as opposed to the oblique orientation seen in the 

incompressible mixing layer. In addition, the braids in the weakly compressible case have a 

vertically oriented stagnation line, as opposed to the braids in the incompressible mixing layer 

where stagnation occurs at a point. 
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LARGE-SCALE TURBULENT STRUCTURES AND MOTIONS IN AXISYMMETRIC 
SUPERSONIC SEPARATED FLOWS 

C. J. Bourdon. M. S. Thesis 
Department of Mechanical and Industrial Engineering 

University of Illinois at Urbana-Champaign 

ABSTRACT 

An experimental study of the turbulent structures present in an axisymmetric, supersonic, 

reattaching flow has been conducted. Planar Mie scattering from condensed ethanol droplets has 

been implemented to visualize two-dimensional slices of the shear layer that develops between 

the supersonic freestream and low-speed recirculation region immediately behind the base. 

Statistically significant ensembles of images were obtained at key regions in this flow to 

highlight the effect that pressure gradients, axisymmetric confinement of the shear layer, and 

extra rates of strain have on the development of turbulent structures and unsteady motions, such 

as shear layer flapping and pulsing. Spatial correlation fields were computed to determine the 

mean size, shape, and orientation of the large structures. In addition, diagnostic techniques were 

developed to resolve the instantaneous position of the core fluid centroid and fluctuations in core 

fluid area, and to determine the freestream/core fluid interface convolution. 

Turbulent structures with major axis lengths on the order of the local shear layer 

thickness were shown to exist at all locations in the shear layer. The mean structures appear, in 

the side view, to be elliptic in shape, and are inclined toward the local streamwise axis. In the 

end view, the mean turbulent structures appear wedge-like, due to the axisymmetric confinement 

(and predominantly decreasing mean circumference) of the shear layer. In the side view, the 

major axis of these structures peaks in size in the recompression region, not at the mean 

reattachment point as it does in similar planar reattaching shear flows. The increase in the 

convolution of the freesteam/recirculation region boundary is insensitive to the adverse pressure 

gradient in the recompression region, indicating that the increased structure size is due to 

amalgamation, not turbulent structure growth. 

Prior to and through the reattachment process, the flow is relatively free of large-scale 

shear layer position and core fluid area fluctuations. All of the unsteady motions present in these 

regions were of magnitudes less than 0.3 local shear layer thicknesses or 5 percent of the local 



mean area. It was determined that preferential organization of the large-scale structures along 

the Z-axis is responsible for peaks in the RMS centroid displacement in the recompression region 

and in the developing wake. In the developing wake, fluctuations in the instantaneous position 

of the freestream/wake core interface and wake core area are substantially larger, due to the 

increased percentage of wake core fluid occupied by large-scale turbulent structures. 
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FLOW VISUALIZATIONS AND MEASUREMENTS OF TURBULENT STRUCTURES 
IN DRAG-ALTERED AXISYMMETRIC COMPRESSIBLE BASE FLOWS 

C. J. Bourdon. Ph.D. Thesis 
Department of Mechanical and Industrial Engineering 

University of Illinois at Urbana-Champaign 

ABSTRACT 

The effects that drag-altering mechanisms, including afterbody boattailing, sub-boundary 

layer disturbances (i.e., tabs), and base bleed, have on the turbulent structures present in the near 

wake of an axisymmetric, supersonic base flow are examined via passive scalar Mie scattering, 

product formation Mie scattering, and acetone planar laser-induced fluorescence visualizations. 

Knowledge of the mean turbulent structure size, shape, and orientation at key locations in the 

flowfield was ascertained by applying a spatial correlation analysis technique, and the bulk 

motion and convolution of the shear layer were also measured. 

A 5° afterbody boattail leads to 20% more (but less active) turbulent structures in the 

end-view, and side-view structures that are larger and more inclined toward the local flow 

direction, indicating that less mixing occurs in the developing shear layer than for the blunt base. 

End-view shear layer motion (sloshing) was less prominent in the recompression region and 

developing wake due to the weakened activity of the turbulent structures compared to the blunt 

base case. 

Sub-boundary layer disturbances on the afterbody significantly alter the mixing in the 

near-wake region. Delta-shaped disturbances increase mixing and reduce base pressure in the 

near wake due to the generation of streamwise turbulent structures. Axisymmetric strip 

disturbances, conversely, decrease mixing and increase base pressure, since they transfer energy 

into axisymmetric modes that are not amplified in the near wake due to the highly compressible 

conditions experienced there. 

Base bleed alters the turbulent structures in the near wake by altering the base region 

topography. The ejection of bleed fluid into the outer shear layer leads to increased shear layer 

growth and unsteadiness. The wake-core region expands with increasing bleed rates, and 'extra' 

strain rate effects become less prominent in the evolution of the turbulent structures. 

The complex interactions present in the recompression and reattachment regions of the 

flowfield are shown to de-stabilize the turbulent structure organization.   The mean structure 



statistics of all drag-altered flowfields demonstrate that the dominant organization present 

upstream is significantly weakened or lost due to passage through these regions. When the base 

bleed rate is sufficient to inhibit the formation of the primary recirculation region, the structures 

evident upstream survive into the developing wake region. 
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MEASUREMENTS AND VISUALIZATIONS OF A THREE-DIMENSIONAL 
COMPRESSIBLE BASE FLOW 

B. A. Boswell, Ph.D. Thesis 
Department of Mechanical and hidustrial Engineering 

University of lUinois at Urbana-Champaign 

ABSTRACT 

Three-dimensional compressible base flows are created during the supersonic flight of 

cylindrical aerodynamic bodies at non-zero angle-of-attack. In the present study, the flow along 

the afterbody and in the base region of a circular cylinder with a length-to-radius ratio of 3.0 

aligned at a 10° angle-of-attack to a nominal Mach 2.5 freestream has been investigated 

experimentally. The fundamental objective of this investigation is to better understand the fluid 

dynamic mechanisms that govern the behavior of the base flow for supersonic bodies with a non- 

zero angle-of-attack orientation. Experimental techniques employed in this study include: 

Schlieren photography, Mie scattering visualizations, surface oil-streak visualizations, static 

pressure measurements, pressure-sensitive paint (PSP) surface-pressure measurements, and laser 

Doppler velocimetry (LDV) measurements of mean velocity and turbulence statistics. The 

detailed velocity data in the base region presented in this investigation are the first interference- 

free velocity measurements of a three-dimensional compressible base flow of this nature, and 

provide valuable insight into the fluid dynamic processes that occur in this complex flow. 

Flow visualizations provide evidence of expected mean-flow features, including a 

shock/expansion discontinuity of circumferentially varying strength at the angular discontinuity, 

a base-edge expansion fan, a separated shear layer, an asymmetric recirculation region, and a 

turbulent wake. No evidence of lee-side flow separation is detected along the afterbody in the 

flow visualizations, pressure data, or boundary layer velocity profiles. However, a strong 

secondary circumferential flow, which develops along the afterbody due to pressure gradients on 

its surface, results in the entrainment of fluid into the base region from the leeward portion of the 

flow. The average base-pressure ratio measured for the angle-of-attack case is 48.4% lower than 

that measured for zero angle-of-attack, resulting in a significant increase in base drag for 

cylindrical objects inclined at angle-of-attack. Three-dimensional effects in the developing 

afterbody boundary layer result in significantly faster growth of the boundary layer in the 



leeward plane compared to the windward plane. In the base region, a very short recirculation 

region is measured, with the axial distance to the stagnation point location reduced by 55% from 

the axisymmetric case. The separated shear layer grows to a much greater thickness in the 

leeward region than in the windward region. In addition, the leeward portion of the shear layer, 

converges on the radial centerline of the flow at a more severe angle than the windward shear 

layer, resulting in a shift of the reattachment region towards the windward portion of the flow. 

Large turbulent stresses are generally located on the windward side of the separated shear layer 

and trailing wake in the base region. The peak turbulent stresses are located downstream of the 

reattachment point, in contrast to axisymmetric results, where maximum stresses are measured 

on the inner edge of the shear layer prior to reattachment. 


