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1. Computed results for the Mach 8.3 crossing shock interaction for 150 fins
using the Baldwin-Lomax and Rod! turbulence models display similar results
for surface pressure and pitot pressure and yaw angle profiles in the flow.
The computed results show generally good agreement with experiment. Surface
heat transfer is not predicted accurately by either computation, indicating a
need for more accurate turbulence models. The principal feature of the
streamline structure of the flowfield is the formation of a low total pressure
jet comprising two helical counter rotating vortices. This je* ctructure is
stronger (larger) than in the 100 interaction examined previously at the same

Mach number. The wave structure of the interaction consists of a complex
system of shock wave and expansion fan -+tfe+ and is generally similar tz
that observed in supersonic crossing shock interactions.

2. The computed and experimetal flowfield wave structures for the Mach 4,
150 fin crossing shock interaction show good overall agreement. The computed
results provide additional information regarding wave and streamline structures
not observed in the experiment. The computed and experimental wave structures
differ in one aspect: a segment of the reflected shock structure downstream
of the crossed shocks observed in the experiment is absent in the computation.
The computed and experimental surface flow patterns show generally good agreement.
The principal feature of the flowfield streamline structure is the formaticn
of a low total pressure jet comprising two weakly counter rotating helical
vortices, and is similar to that observed r)r the Mach 8.3 case.

3. A preliminary analysis of the computed results for the 3-D triple shock
interaction at Mach 8.3 for 100 fins indicates a very complex flowfield
structure. The principal feature of the streamline structure is the formation
of two distinct regions of low total pressure, one adjacent to the flat plate
and the other adjacent to the top wedge (fin). Each of thse two low total
pressure regions comprise two counter rotating vortical structures. Further
analysis of the computed results is in progress.
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Preface

This report presents the research accomplishments for the program en-
titled "Theoretical Investigation of Three - Dimensional Shock Wave / Tur-
bulent Boundary Layer Interactions" for the period I March 1992 through
30 September 1992.

Over this time period, the research program involved a series of collab-
orative theoretical (computational) and experimental investigations of 3-D
multiple intersecting shock wave / turbulent boundary layer interactions
("3-D turbulent interactions"). The primary focus of the research effort
was the interaction generated by double fin ("crossing shock") configura-
tions for supersonic and hypersonic flow conditions. The theoretical model
in the computations is the full 3-D mean compressible Reynolds-averaged
Navier-Stokes (RANS) equations incorporating turbulence effects through
the algebraic eddy viscosity model of Baldwin and Lomax. In addition to
the above studies of the crossing shock problem, a computational study of
the 3-D hypersonic turbulent interaction due to a triple fin ("triple shock")
configuration was completed.

The assistance of the following individuals during various stages of the
research effort is appreciated: Dr. L. Sakell (Air Force Office of Scientific Re-
search), E. Pegot (NASA - Ames Research Center), W. Kish, R. B. Thomas
and J. Salowe (Rutgers University - SRAC). The research effort also bene-
fited from the scientific interactions with Dr. G. Settles and Mr. T. Garrison
(Pennsylvania State University) and Dr. C. C. Horstman (NASA - Ames
Research Center).
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I. Objectives

The principal objective of the overall research program is to further the
understanding of 3-D shock wave / turbulent boundary layer interactions
("3-D turbulent interactions") through a synthesis of the following specific
goals, namely, (a) the development and validation of theoretical models for
3-D turbulent interactions, (b) the determination of the flowfield structure
of 3-D turbulent interactions for specific geometries, (c) the investigation
of methods of control and modification of 3-D turbulent interactions and
(d) the development of a unified understanding of the flowfield structure of
3-D turbulent interactions. A brief discussion of the status of the research
program is provided in the following section.

II. Status of Research Program

Significant progress has been made in achieving the aforementioned ob-
jectives. Over the past few years, the principal focus of the research effort
has been the understanding of the flowfleld structure of complex 3-D turbu-
lent interactions such as that generated due to supersonic/hypersonic flow
past double fin ("crossing shock") configurations (Fig.1). Such interactions
find practical application in the design of air-breathing inlets for aerospace
vehicles (e.g., the National Aerospace Plane (NASP) (VanWie et al. 1990)).
The research effort has involved close collaboration between theory (com-
putation) and experiment and has been successful in identifying and under-
standing several key features of the overall mean flowfield structure of 3-D
crossing shock interactions.

The theoretical model in the above 3-D crossing shock interaction studies
is the full three-dimensional mean compressible Reynolds-averaged Navier-
Stokes (RANS) equations (Rubesin and Rose 1973) incorporating the alge-
braic turbulent eddy viscosity model of Baldwin and Lomax (1978). The
governing equations are solved using a highly efficient hybrid explicit-implicit
algorithm developed by Knight (1984). The interactions have been studied
for a range of Mach numbers (Mach 3 to 8.3) and fin angles (a = 9' to 150).

'References are provided in Section V.
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The principal feature of the streamline structure of these interactions is
observed to be the presence of a large low total pressure jet comprising two
counter-rotating helical vortices. The vortices are formed due to the indi-
vidual single fin generated shock wave/boundary layer interactions (Knight
et al. 1987, 1992). This streamline structure is complemented by a complex
wave structure involving the interaction of the lambda (A) shaped shock
structure associated with each separation vortex.

In addition to the above 3-D crossing shock interaction studies, the
research effort has recently focused on the more complex 3-D symmetric
triple fin ("triple shock") interaction (Fig.2) in hypersonic flow. The inter-
action for Mach 8.3 and a = 100 fins has been examined computationally
using the same theoretical model as employed in the crossing shock stud-
ies, namely, the 3-D RANS equations together with the Baldwin.Lomax
turbulence model. A preliminary examination of the computed results has
revealed an extremely complex three dimensional interaction. Increased
understanding of the flowfield structure (through further theoretical and ex-
perimental examinations) has significant potential for the improved design
of high speed inlet systems.

The specific accomplishments of the research program over the period 1
March 1992 through 30 September 1992 are described in Section II of this
report. The future focus of the research program for the period 1 October
1992 through 30 September 1993 is outlined in Section IV. A key element of
the overall research program is the extensive scientific collaboration between
the author and Dr. C. C. Horstman (NASA - Ames Research Center) and
Prof. G. Settles (Pennsylvania State University). Additional collaborations
with Prof. D. Dolling (University of Texas), Prof. S. M. Bogdonoff and Prof.
A. Smits (Princeton University) and Dr. A. Zheltovodov (ITPM, Russia)
are expected to continue.
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III. Research Accomplishments : 1 March 1992 -
30 September 1992

The research program during the period 1 March 1992 through 30 Septem-
ber 1992 followed the specific objectives outlined in Section I. The accom-
plishments during the above time period are discussed below in Sections
A - C. The principal focus of the research effort was the understanding
of the 3-D "crossing shock" turbulent interaction generated due to super-
sonic/hypersonic flow past double fin configurations, relevant to high speed
inlet design. Full details of the research activity may be found in the at-
tached conference papers (see Section XIII).

An important aspect of the research effort was the close scientific collabo-
ration of the principal investigator with the computational and experimental
research of Dr. C. C. Horstman (NASA - Ames Research Center) and the
experimental research of Prof. G. S. Settles (Pennsylvania State University).
Specifically, computations were performed by the principal investigator and
his students and the results compared with the experimental data of Settles
for a supersonic crossing shock interaction at Mach 4. Also, a computation
was performed for a crossing shock interaction at Mach 8.3 and the results
compared with separate computational results of Horstman and experimen-
tal results of Kussoy and Horstman (1992). This collaborative effort is a
continuing element of the overall research program.

A. 3-D crossing shock interaction at Mach 8.3

The recent focus of the national aerospace industry towards building
supersonic bWgh speed civil transport (HSCT) and the hypersonic National
Aerospace Plane (NASP) (VanWie 1990) has led to renewed interest in the
aerodynamic phenomenon of 3-D multiple intersecting shock wave / turbu-
lent boundary layer interactions. A clear understanding of such interactions
is critical to the efficient design of propulsion sylelns for aeýrospace vehi-
cles. Complex 3-D turbulent interactions within the inlet portion of the
propulsive system may lead to flow separation and consequently high drag
and increased aerodynamic heating - phenomena that may be detrimental
to engine operation and performance.
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The present researc~h effort focused on the 3-D crossing shock interaction
due to the flow past a shock generator geometry (Fig.1) that is a simplified
abotixction of a real hypersonic inlet. The geometry comprises two opposing
shr..rp fins, each of angle a, mounted on a flat plate. The hypersonic flow
past the geometry generates oblique shocks from the leading edges of the
fins. These shocks interact with each other and with the turbulent boundary
layer on the flat plate.

During the present research period, the 3-D crossing shock interaction
due to symmetric a = 15* fins at a Mach number of 8.3, Reynolds number
Re6oo = 1.7 x101 and wall temperature T,, = 0.3 Tadiati, was investigated
theoretically (computationally). This interaction is the strongest 3-D cross-
ing shock interaction studied to date (the overall inviscid pressure rise is
45). An earlier research effort by the principal investigator and his students
examined the interaction due to a = 10* fins at Mach 8.3, corresponding
to an overall inviscid pressure rise of 19.5, and the results were reported in
Narayanswami et al. (1992). The computed results in the present study
were compared with separate computational results of Horstman and with
the experimental measurements of Kussoy and Horstman (1992). The the-
oretical model in both computations was the full 3-D mean compressible
Reynolds-averaged Navier-Stokes (RANS) equations. The computations of
the author incorporated the algebraic turbulent eddy viscosity model of
Baldwin and Lomax. The computations of Horstman incorporated the two
equation (modified k-e) turbulence model of Rodi (1991). Full details of the
combined theoretical-experimental investigation are provided in the AIAA
Paper No. 93-0779 to be presented at the 31st Aerospace Sciences Meeting,
January 11-14, 1993, Reno, NV (see Section XIII, Attachment 1).

The principal conclusions of the study are summarized below:

* The computed results for flat plate surface pressure and for profiles of
pitot pressure and yaw angle in the flowfield are similar for both the
Baldwin-Lomax and Rodi turbulence models. The computed results
show generally good agreement with experiment. Surface heat transfer
is not predicted accurately by either computation, indicating a need
for more accurate turbulence models.



" The overall flowfield structure is similar to that observed at lower
(supersonic) Mach numbers. The principal feature of the streamline
structure determined from particle traces (Fig.3) is the formation of a
low total pressure jet comprising two helical counter rotating vortices.
This jet structure is stronger (larger) than in the a = 100 interaction
examined previously at the same Mach number and occupies a signifi-
cant portion of the outflow area between the fins. This significant flow
separation and distortion has important implications to the design of
hypersonic inlets.

" The wave structure of the interaction consists of a complex system of
shock wave and expansion fan patterns (Fig.4), and is generally similar
to that observed for supersonic crossing shock interactions.

a) y/- -0.005 B-L b) y/ 15,:= 0.25 B-L

c) y/46 = 0.75 B-L d) y/S. = 1.0 B-L

- . (viewing upstream)

Fig.3 Computed streamline structure of Mach 8.3, a 150 crossing shock
interaction; particle traces originating from various y/6b locations within

the upstream boundary layer
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Fig.4 Computed wave structure of Mach 8.3, a = 150 crossing shock inter-action (schematic) derived from static pressure contours on cross flow planes
at locations ab,c,d. Legend: 1 = primary shock, 2 separation shock,
3 = rear shock, 4 (a,b) = conical shock, 5 = shock, 6 = high pressure region
due to intersection of shocks 3 and 4b, 7 = reflected shock, 8 = expansion
fan
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B. 3-D crossing shock interaction at Mach 4

The 3-D crossing shock interaction (Fig.1) for symmetric fins of angle
a = 150 at Mach 3.83, Reynolds number Re6b = 2.7 x105 and adiabatic
walls was studied theoretically (computationally) in collaboration with the
experimental effz3rt led by Prof. G. S. Settles (Pennsylvania State Univer-
sity). The overall inviscid pressure rise is 9.5. The theoretical model is the
full 3-D mean compressible RANS equations in conjunction with the alge-
braic turbulent eddy viscosity model of Baldwin and Lomax.

The overall flowfield structure of the interaction (Figs.5,6) was deter-
mined through a synthesis of the computed and experimental results. Ex-
perimental laser light sheet images at several streamwise locations provided
the first direct look at the wave structure in a 3-D crossing shock interac-
tion. The results confirmed the physical model of the flowfield proposed by
Narayanswami et al. (1992) based on previous collaborative crossing shock
studies at Mach 3. The computational results provided insight into the
streamline structure of the interaction and provided additional wave struc-
ture information not observed in the experiment. The wave structure in
the computation was determined through an examination of static pressure
distributions on cross flow planes at several streamwise locations. Full de-
tails of the combined theoretical-experimental investigation are provided in
the AIAA Paper No. 92-3670, presented at the AIAA/SAE/ASME/ASEE
28th Joint Propulsion Conference, July 6-8, 1992, Nashville, TN (see Section
XIII, Attachment 2).

The principal conclusions of the study are:

"The computed and experimental flowfield wave structures showed good
overall agreement. The computed results provided additional infor-
mation regarding wave and streamline structures not observed in the
experiment. The computed and experimental wave structures differed
only in one aspect: a segment of the reflected shock structure down-
stream of the crossed shocks observed in the experiment was absent in
the computation. The computed and experimental surface flow pat-
terns showed general agreement.

" The principal feature of the streamline structure is the formation of a
low total pressure jet (comprising two weakly counter rotating helical
vortices) and is similar to that observed in hypersonic crossing shock
interactions.

D 11



0

*J

0i

Fig.5 Computed streamline structure of Mach 4, a 15* crossing shock
interaction; particle traces originating from y/6b = 0.25 in the upstream

• boundary layer

a b C d
• I• 7

-1ý 6 -

4a

i 3/ b2 3 L6

Location a b c d

.. . ...... ........

Fig.6 Computed wave structure (schematic) of Mach 4, a = 150 crossing
shock interaction determined from static pressure contours on cross flow
planes at locations a,b,c and d. Legend: 1 = primary shock, 2 = separation
shock, 3 = rear shock, 4 (a,b) = conical shock, 5 = shock, 6 = high pressure

• region due to intersection of shocks 3 and 4b, 7 = reflected shock, 8
expansion fan, 9 = shock
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C. 3-D triple shock interaction at Mach 8.3

A 3-D triple shock wave/turbulent boundary layer interaction ("3-D
triple shock interaction") was examined theoretically (computationally).
The triple shock generator geometry (Fig.2) is a more realistic representa-
tion of a typical hypersonic inlet than the crossing shock geometry (Fig.1).
It includes a third sharp fin (wedge) at the top in addition to the two side
fins of the crossing shock geometry. The hypersonic flow past the configu-
ration causes oblique shocks to be generated from the leading edges of the
two side fins and the top wedge. The complex three dimensional flowfield
resulting from the interaction of the three shocks with the flat plate turbu-
lent boundary layer is the focus of the research effort.

The flow conditions for the computation were chosen to coincide with
experiments scheduled for July 1993 at the NASA-Ames Research Center
by Drs. M. Kussoy and C. C. Horstman. The shock generator geometry in-
volves fin angles of a = 100 for all three compression surfaces. The freestream
Mach number is 8.3 and the Reynolds number Re6&. 1.7 x 105 (based on
an estimated upstream boundary layer thickness of 6o0 = 3.25 cm). The wall
temperature is fixed at Tw = 0.3 Tadibatic. The ratio of the side fin height
(H) to boundary layer thickness 8o0 is 2.83. The aspect ratio (ratio of side
fin height to side fin separation distance at the leading edge location) is 0.46.

The theoretical model is the full 3-D mean compressible RANS equa-
tions incorporating the algebraic turbulent eddy viscosity model of Baldwin
and Lomax (1978). The solution of the governing equations was carried
out using the hybrid explicit-implicit algorithm of Knight (1984). A grid
of 72x60x35 points was employed, with the grid spacings based on grid
resolution studies performed previously in 3-D crossing shock investigations
(Narayanswami et al., 1992). The governing equations were integrated to
approximately 5.8 T, for convergence where T, represents the characteristic
time of the flow and is defined as the time taken by a fluid parcel to travel
the length of the computational domain in the freestream.

13



A preliminary analysis of the computed results indicates a very complex
3-D interaction and shows significant deviation of the flowfield structure
from the physical models developed for 3-D hypersonic crossing shock in-
teractions. Fig.7 shows the total pressure distribution on cross flow planes
at the location of the fin leading edge and at the outflow boundary. The
formation of two distinct regions of low total pressure (denoted by "1" and
"2") at the outflow is evident. The low total pressure region 1 is formed
due to the crossing shock interaction on the flat plate. This structure is
consistent with that observed in previous crossing shock interaction studies
(Narayanswami et al., 1992) at Mach 8.3. The low total pressure region 2
near the top fin surface is formed due to a second crossing shock interaction.
The crossing shocks in this case are the shock segments oblique to the side
fin surfaces formed by the local "comer" interactions (Shang et al. 1979).
This region is smaller in size than region 1 primarily due to the relative thin-
ness of the boundary layer developing on the top fin surface as compared
to the flat plate boundary layer. Each of these low total pressure regions
comprises two counter rotating helical vortices as seen from the streamline
structure of the interaction shown in Fig.8.

Further analysis of the computed results is in progress. The computed
results will be validated by comparison with the experiment measurements
(currently scheduled for July 1993).

14
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0.0 z c-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
Fig.7 Computed total pressure (Pt/Pt,) contours on cross flow planes at
locations a, b and c for a =- 100, Mach 8.3 triple shock interaction. Contour
levels :(a) min 0.0, max = 0.94 A = 0.05; (b) nain = 0.0, max = 0.67,
A = 0.035 ;(c) min 0.0, max = 0.44, A =0.023.
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Fig.8 Computed streamline structure of ar 100, Mach 8.3 triple shock in-
teraction; particle traces originating at various y/6.,, locations in upstream
boundary layer
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IV. Research program for the period: 1 October 1992 -
30 September 1993

During the period 1 October 1992 - 30 September 1993, the research
program will involve two distinct (but inter-related) aspects. The first is
a continued examination of complex 3-D turbulent interactions such as the
crossing shock and triple shock interactions. The second is the validation
of a Reynolds Stress Equation (RSE) model for compressible turbulent flows.

Investigation of complex 3-D turbulent interactions

The 3-D crossing shock interaction at supersonic Mach 4 will be exam-
ined in close collaboration with the experimental research program at the
Pennsylvania State University Gas Dynamics Laboratory. The symmetric
fin interaction at Mach 3.83 for a = 150 will be studied theoretically using
the 3-D Reynolds averaged Navier-Stokes (RANS) equations in conjunction
with the Baldwin-Lomax turbulence model. The computed results obtained
in FY921 will be compared with the planned experimental measurements
which include surface flow direction, surface pressure, skin friction, bound-
ary layer profiles of pitot pressure and yaw angle and Planar Laser Scattering
(PLS) imagery.

The asymmetric 3-D crossing shock interaction at Mach 8.3 will be ex-
amined in collaboration with the planned experiments by Drs. M. Kussoy
and C. C. Horstman at the NASA-Ames Research Center. The planned
experimental measurements include surface heat transfer, pressure and flow
direction for at least one configuration (a,, a 2). This study represents the
first collaborative theoretical / experimental effort on asymmetric crossing
shock interactions.

'FY refers to the Federal fiscal year (i.e., October to September)
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The 3-D triple shock interaction at Mach 8.3 and symmetric a = 100 fins
has been computed using the RANS equations together with the Baldwin-
Lomax turbulence model (see Section RIC). The computed results will be
compared with planned experiments by Drs M. Kussoy and C. C. Horstian
at the NASA-Ames Research Center. The planned experimental measure-
ments include surface heat transfer, pressure and flow direction, and bound-
ary layer profiles of pitot pressure and yaw angle. This combined theoretical-
experimental effort is expected to yield significant insight into the flowfield
structure of the interaction.

Validation of Reynolds Stress Equation model

The Reynolds Stress Equation (RSE) turbulence model, initiated during
FY92, will be evaluated for a series of compressible turbulent boundary layer
flowfields. Additionally, asymptotic analysis of the constant stress layer and
othet1 nimpie flows will be performed to provide detailed information regard-
ing the relationships of the model constants. The computed boundary layer
results will be compared with experimental data to validate the accuracy
of the RSE model. Additional effort will be focused on the development
of low Reynolds number modifications to allow direct integration to solid
boundaries, and other model improvements.
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Abstract 1. Introduction

A 3 - D hypersonic crossing shock wave / turbu- With the resurgence of interest in high speed flight
lent boundary layer interaction is examined numeri- in recent years1 , the problem of viscous-inviscid in-
cally. The test geometry consists of a pair of opposing teraction in aerodynamic flows is once again receiving
sharp fins of angle cr = 150 mounted on a flat plate. wide attention. Of particular importance is the phe-
The freestream Mach number is 8.28. Two theoretical nomenon of three-dimensional shock wave/turbulent
models are evaluated. The full 3-D Reynolds-averaged boundary layer interactions ("3-D turbulent interac-
Navier-Stokes (BANS) equations are solved using the tions"). Such interactions occur in a wide variety of
Baldwin - Lomax algebraic turbulent eddy viscosity practical aerodynamic situations (e.g., in flows over
model and the Rodi (modified k-e) turbulence model. aircraft control surfaces and within high speed inlets)
Computed results for both cases show good agreement and are of interest not only due to the inherent corn-
with experiment for flat plate surface pressure and for plexity and richness of the flow physics but also due to
pitot pressure and yaw angle profiles in the flowfleld. engineering challenges posed by associated problems
General agreement is obtained for surface flow direc- such as large scale flow separation and increased drag
tion. Fair to poor agreement is obtained for surface and aerodynamic heating1 ,2 .
heat transfer, indicating a need for more accurate tur- The present study focuses on the 3 - D crossing
bulence models. The overall flowfield structure is sime- shock interaction (Fig.1) which is typical of hypersonic
ilar to that observed in previous crossing shock inter- inlets. The flow geometry consists of two opposing
action studies. sharp fins mounted on a flat plate. The oblique shock

waves, generated by the fins, intersect each other and
interact with the flat plate turbulent boundary layer.
Experimental investigations of crossing shock interac-
tions include Mee et al.3 , Batcho et al.", Williams
and Hingst5 , Garrison and Settles6 , Garrison et al.7

and Kussoy and Horstmans. Theoretical (computa-

"Research Staff, Member AL&A tional) investigations include Gaitonde and Knight9 ,

*Senior Scientist, Associate Fellow AIA.A Narayanswami et al.1°,11 and Reddy 12 . Computations

tProfeuor, Associate Fellow AIAA have been performed at Mach 3 to 8.3 using the 3-D
Reynolds-averaged Navier-Stokes (RANS) equations in-
corporating the Baldwin - Lomax turbulence model' 3 .

CopyTight E Americm Insme of Aeimanutcs and The computed flowfields have displayed generally good
Amtautics. Inc., 1993. All righu reerved, agreement with experiment for surface pressure, sur-

* face flow pattern and boundary layer profiles of pitot
pressure and yaw angle. The computed heat transfer



has shown substantial error in comparison with exper- conditions were known at the time of the computa.
iment. With the exception of a single computation1 ° tion, resulting in minor discrepancies between the the-
of a crossing shock interaction at Mach 3 using the k-c oretical and actual experimental values of Mach num-
mode]14, no turbulence model other than the Baldwin ber Mooand total pressure Pts(and consequently in
- Lomax has been examined for the crossing shock in- the boundary layer thickness parameters and Reynolds
teraction. number Rea,_,).

The principal objective of the present study is to The governing equations are the 3-D Reynolds.
evaluate two different turbulence models, namely, (a) averaged Navier-Stokes equations using mass averaged
the Baldwin-Lomax13 algebraic eddy viscosity model variables17 in strong conservation form"8 . The Bald-

* and (b) the Rodi (modified k-c)' 5 model, for the cross- win - Lomax and the Rodi (modified k-e) turbulence
ing shock interaction in hypersonic flow. The flow at models were employed. The molecular dynamic viscos-
Mach 8.28 for c- = 150 fins corresponding to the exper- ity was specified by Sutherland's law19 . The molecular
iment of Kussoy and Horstmans is investigated. The Prandtl number is 0.73 (air) and the turbulent Prandtl
present research effort is unique in two respects. First, number is 0.9. The perfect gas equation of state was
it is the strongest crossing shock interaction studied employed, since real gas effects are negligible under the
to date. The overall inviscid pressure ratio (approxi- present flow conditions 20 .
mately 45) is substantially greater than the previous" For simplicity, the fin boundary layer was assumed
strongest case (i.e., 19.5). Second, it is the first study to be turbulent from the leading edge. Although this
to examine the relative accuracy of two different tur- assumption differs from the experiment, in which the
bulence models (i.e., Baldwin-Lomax and Rodi) for fin boundary layer (in the region outside of the plate
hypersonic crossing shock interactions. The accuracy boundary layer) transitions to turbulent at approxi-
of the models is examined through detailed compari- mately 21 cm downstream of the fin leading edge (de-
son with experimental data for surface pressure, sur- termined empirically using the method of Deem and
face flow pattern, surface heat transfer and flowfield Murphy2'), the effect of the modification is limited to
surveys of pitot pressure and yaw angle. Based on the the fin boundary layer. The flowfield in the region of
successful validation of the theoretical model(s), the interest is unaffected. Results of previous computa-
flowfield structure of the interaction may be analyzed tions by Knight et 4. 2 2 for the 3-D single fin inter-
using the computed results and compared with previ- action at Mach 8.2 and by Narayanswami et al.11 for
ous studies for supersonic crossing shock interactions, the a = 10 crossing shock interaction at Mach 8.3

support the above statement.
2. Description of experiment The symmetry of the experimental geometry along

the central x-y plane permits reduction of the actual
The experiments were conducted in the 3.5 ft Hy- computational domain to one-half of the experimental

personic Wind Tunnel at the NASA-Ames Research domain. On the inflow boundary, the 2-D turbulent
Center'. The freestream conditions are shown in Ta- boundary layer profile matching the experiment was
ble 1. The incoming boundary layer was fully devel- prescribed. On the plate and fin surfaces, the velocity
oped and self-preserving at the fin leading edge loca- vector, turbulent kinetic energy (k), rate of dissipation
tion with a velocity profile matching the Law of Wall of turbulent kinetic energy (e) and the normal gradient
and Wake"6 . The experimental geometry is shown in of static pressure were set to zero. The temperature
Fig.1. The fin height H = 20 cm (6.26,) was suf- was set to the experimental value. On the symmetry
ficient to ensure a semi-infinite interaction. Distur- boundaries (upstream of the fin leading edge and the
bances generated by the top edges of the fins had no centerplane), the normal component of velocity and
effect on the interaction in the region of interest, as the normal derivatives of the remaining velocity com-
confirmed a posteriori by the fin surface flow visu- ponents, static pressure, temperature and k and e were
aiization results. The total fin length is Le = 40.7 set to zero. A zero gradient condition was employed at
cm (12.565). At a streamwise location of L, = 20.3 the top and outflow boundaries. The Baldwin - Lonax
cm (6.2b,,), the fin surfaces are turned parallel to the computation employed the hybrid explicit - implicit
streamwise (x) direction. The separation distance be- scheme of Knight 23 . The Rodi computation employed
tween the fin leading edges is L.0P = 15.2 cm (4.76b). the hybrid scheme of MacCormack 2 4 .

The computational domain is shown in Fig.lb. In
3. Description of computations the experiment, the fins are terminated at a distance

Tnt = 40.7 cm. In the computations, the body-fitted
SThe flow conditions closely match the experiment grid near the trailing edges is simplified by including

(refer Table 1). Only approximate values of the flow a diverging duct of angle 9 = 200 and 100 for the
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Baldwin - Lomax and Rodi computations, respectively. 4. Comparison with experiment
The streamwise length of the computational domain
was thus extended up to L, = 50.7 cm (15.66,) for 4.1 Surface pressure
the Baldwin - Lomax case and 55.55 cm (17.16,) for
Rodi case. The inclusion of the duct does not affect the Comparison between the computed and experimen-
flowfield in the region surrounding the crossing shocks. tal surface pressure distribution shows good agreement.

This is supported by the a posteriori observation that Experimental flat plate surface pressure measurements
the computed flowfield at x = Le is supersonic ev- were taken along the interaction centerline and along

erywhere except extremely close to the plate and fin transverse cuts at various streamwise locations (refer

surfaces. Fig.2). The computed and experimental results along

The grid spacings adequately resolve the flowfield the centerline are shown in Fig.3. The general shape
and meet all the cri.eria for grid resolution employed of the distribution, extent of upstream influence, and
in previous 3-D turbulent interaction studies7',10 ,11 ,25 . the locations of the first maximum (at x/6,= 6.8)
Details of the grids are provided in Table 2. The total and minimum (at x/6b= 9.0) are predicted reason-
number of grid points and degree of resolution in the ably well by both coraputations. The peaking of the
two computations are similar. The inflow boundary pressure is a result of the intersection of the primary
is in a region of undisturbed flow. Non-uniform spac. shocks (see "Ii" in Fig.lb). The subsequent drop in
ing is employed in all three directions. The minimum pressure results from the expansion fan originating at
x grid spacing (0.156o,,) is in the region surrounding the turn in the fin geometry at x/b.,,= 6.26 (see "E' in
the crossing shocks. In the cross flow (y-z) plane, the Fig.lb). The magnitude of the peak pressure is over-
grids in the two directions are generated using sir- predicted in both cases by approximately 20%. The
ple geometric stretching with minimum spacings ad- observed peak pressure is nearly one half of the inviscid
jacent to the solid surfaces. In the Baldwin - Lomax value, indicating significant combined influence of vis-
computation, the first point adjacent to the plate sat- cous effects and the expansion fan. A second (smaller)
isfies y+_< 0.63 at all locations, where y+= yu*/v, peak is observed further downstream at approximately
and u* = V/f',/p is the local friction velocity, r, = x/6,,-= 10.0 and is associated with the second crossing
wall shear stress, p. = density at the wall and v. = of the reflected shocks (see "12" in Fig.lb). The magni-
kinematic viscosity at the wall. The average value of tude of this second peak and the general distribution
y+is 0.18. The first point off the fin surface satisfies of pressure downstream of xf6,= 9.5 are predicted
z+< 1.97, the average value being 0.67. In the Rodi accurately by the Baldwin - Lomax computation but
computation, the first point off the flat plate and fin are overestimated in the Rodi case. Examination of
surfaces satisfies y+< 1.0 and z+< 1.0, the average the experimental fin surface streamlines (not shown)
values being 0.4 and 0.3, respectively. The plate and indicates signifizant streamwise separation at approx-
fin boundary layers contain typically 30 and 20 grid imately x/ ,,o= 6.5. Similar results are observed for
points, respectively, in both computations. The max- the Baldwin - Lomax computation. The Rodi compu-
imum spacing in the y direction (in the freestream) tation, however, does not show any such streamwise
is 0.166..for the Baldwin - Lomax case and 0.146.for separation. Consequently, in the Rodi case, the shocks
the Rodi case. The spacing in the z direction in the reflecting off the fin surfaces are stronger than in the
freestream varies along the streamwise (x) direction, Baldwin - Lomax case, and lead to higher pressures
due to narrowing of the physical domain. The maxi- downstream of their intersection.
mum Z-grid spacing is 0.2264,for the Baldwin - Lomax Comparison between computation and experiment
computation and 0.14,for the Rodi computation, at for the various transverse cuts shows similar results
the upstream boundary. (Fig.4). The locations a, b and c correspond to x/ 0==

The initial condition in both computations was ob- 5.6, 6.92 and 8.31, respectively (refer Fig.2). At loca-
tained by propagating the 2-D inflow boundary layer tion a, the Rodi computation predicts the pressure dis-
profile to all downstream locations. Convergence was tribution more accurately than the Baldwin - Lomax
determined by monitoring changes in recific (ow vari- computation. The experimental pressure near the cen-

ables (density, streamwise velocity and total energy) terline exceeds the inviscid level due to the upstream
over characteristic time spans T, (= LIU.,). At con- influence of the interaction. Away from the centerline,
vergence, the relative change in the above flow vari- the pressure level falls below the local inviscid level
ables over 1 T, was typically less than 0.1% at all lo- due to the reflection of the expansion fan (which is

cations. The computations each required a total inte- part of the "A" structure of the initial single fin in-

gration time of approximately 4 - 5 T, for convergence. teraction - discussed in Sec. 5.2) off the fin surface.
At locations b and c, the two computations display
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reasonable agreement with experiment. At location b, through d denote distances away from the centerline of
just downstream of the crossed shocks, the maximum z/6b.= -0.65, -0.49, -0.33 and -0.16, respectively (i.e.,
pressure is at the centerline due to the formation of the survey stations are to the left of the centerline). At
a localized shock structure in that region (Sec. 5.2). locations x/6•= 6.Pý?, and x/6b,,= 8.31, the locations
The steep fall in pressure away from the centerline is a through c denote distances away from the centerline
caused by the expansion fan originating from a turn of z/6., = -0.48, -0.32 and -0.15, respectively.
in the fin geometry at x/6.-= 6.26. At location c, fur- There is overall general agreement between the corn-
ther downstream, the influence of the expansion fan puted and experimental results. At x/6, = 5.6, there
is stronger and the maximum pressures are near the is close agreement between computation and experi-
fin surfaces with the lowest pressure occuring near the ment. The large yaw angles near the plate (up to ap-
centerline. proximately y/ 60. = 0.5) indicate the turning of stream-

lines under the low total pressure jet (Sec. 4.2), to-
4.2 Pitot pressure wards the centerline. These streamlines originate close

to the edge of the boundary layer in the upstream
The experimental and computed results for pitot (incoming) flow. The wrapping of these streamlines

pressure (P,/Pp..) are shown in Figs.5(a-f). The re- under the rising low total pressure jet is particularly
sults are displayed as color contours on cross flow (y-z) evident from the profile at location d (closest to the
planes (locations shown in Fig.2). Note that a sepa- centerline) as seen from the increase in yaw angle from
rate color scale is used for each plane. Locations (ab), zero (at the wall) to approximately 300 at base of the
(c,d) and (ef) correspond to x/b4-= 5.6, 6.92 and 8.31, jet. At x/6,,-= 6.92, the comparison between compu-
respectively. The experimental measurements do not tation and experiment is generally good. At locations
extend fully to the fin and plate surfaces. The region a and b, the flow is between the bulk of the low total
of computation is truncated to match the region of pressure jet (refer Figs.5c,d) and the fin surface. The
experimental measurement. flow direction is hence generally parallel to the fin walls

There is overall good agreement between the exper- (yaw angles close to zero). At location c, the profile
iment and both computations. At x/b"= 5.6 (Figs.5a, is through the core of the low total pressure jet. The
b), a large low pitot pressure region (marked "1") is relatively large yaw angles (approximately 110) in the
observed in the region y/6b,< 0.8. This structure10 ,11  region y/b4o_ 0.1 indicate the sweeping of streamlines
is associated with a low total pressure jet comprising at the base of the jet, towards the centerline. Away
two helical counter-rotating vortices (see Sec. 5.1), from the plate, the decrease of the yaw angle to val-
and is evident at subsequent stations (Figs.5c-f). The ues less than zero is associated with the anti-clockwise
sharp change of contour levels in the region 0.1 < rotation of the vortex (which is part of the jet) to the
z/6b _5 0.2, y/&> 1.0 indicates the primary shock. left of the centerline. The subsequent increase in yaw
The shape and extent of the low pitot pressure region angle to positive values, with a maximum at approx-
are predicted fairly accurately by both computations. imately y/6b.= 0.8 is associated with the streamlines
At x/6b•= 6.92 and 8.31 (Figs.5(c-f)), there is gen- originating at y/.,,> 1.0 in the upstream boundary
eral qualitative agreement between the computations layer. Further away from the plate, the yaw angle
and experiment, with the Rodi computation display- is close to zero due to the turning of streamlines in
ing overall better accuracy than the Baldwin - Lomax the freestream parallel to the local direction of the fin
computation. In both cases, the computed low pitot surface, by the reflected shocks. At x/h.= 8.31, the
pressure region is somewhat flattened, compared to computed profiles show increasing differences with ex-
the experiment. periment at larger distances from the centerline. The

flow physics near the fin surface is further complicated
4.3 Yaw angle by the influence of the expansion fan originating at

the fin surface at x/6b,,= 6.26. The profiles through
The results for computed and experimental yaw an- the low total pressure jet (at locations b and c) are

gle profiles in the flowfield are shown in Fig.6. The yaw qualitatively similar to that at x/b = 6.92.
angle is defined by tan- 1(w/u) where w is the cross- Overall, there is very close agreement between the
flow velocity (in the z direction) and u is the stream- two computations at all locations. This result is sur-
wise velocity (in the x direction), and represents the prising, since comparison of the computed eddy viscos-
local direction of the velocity vector L a plane parallel ity values in the two cases (Fig.7) at the above loca-
to the flat plate. Experimental yaw angle surveys were tions display differences in the peak values by as much
conducted at x/46a= 5.6, 6.92 and 8.31, similar to the as a factor of 7. It is thus inferred that the flowfield
pitot pressure surveys. At x/6oo= 5.6, the locations a is primarily rotational and inviscid, with viscous and
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turbulence effects restricted to a thin layer adjacent to transverse cuts at the streamwise locations of x/4,=
the solid surfaces. 5.08, 6.4, and 7.78 (refer Fig.2). The computed and

experimental results along the centerline are shown
4.4 Surface flow pattern in Fig.9. Both computations show good qualitative

agreement with experiment with regard to the general
The computed and experimental surface flow pat- shape of the profile. The initial drop in heat transfer

terns show general overall agreement (Figs.8a-c). In in the region 1.0 < x/!.._< 3.0 is predicted more accu-
the upstream portion of the interaction (x/6b < 3.0), rately by the Baldwin - Lomax computation. However,
the flow pattern on either side of the centerline is ini- there is significant disagreement between both compu-
tially similar to that for single fin interactions"5 . Key tations and experiment in the region 3.0 < x/6b,<
features, such as the lines of the lines of coalescence 5.0, the Baldwin - Lomax computation underestimat-
(LC) and the lines of divergence (LD) are observed ing the heat transfer by as much as 90%. Beyond
clearly in the experiment and in both computations. x/64,= 5.0, the Baldwin - Lomax computation shows
The strong lines of coalescence are clear indicators of better overall agreement with the experimental data
large scale flow separation (in the sense of LighthiU2 6) than the Rodi computation. The peak heat transfer is
and evidence for this phenomenon is presented in a overpredicted by both computations Ly approximately
discussion of the overall streamline structure of the 20%.
interaction in Sec. 5.1. The comparison between computation and exper-

The computational results show additional unusual iment along transverse cuts (Fig.10a-c) shows poor
features. In the Baldwin - Lomax casc 'Fig.8b), the agreement. Both computations generally overpredict
two lines of coalescence appear to converge onto a the experimental values. At x/6b,= 6.4 and 7.78 (lo-
node at the centerline. A saddle point (from which cations b and c), the peak heat transfer is overesti-
all streamlines diverge) is observed downstream of the mated by the Baldwin - Lomax computation by ap-
node. In the region between the node and saddle point, proximately 50% and 75%, respectively. The overesti-
the general flow direction is upstream (i.e., in the re- mation in the Rodi case is comparable. The sharply
verse streamwise direction), indicating the existence of peaked distributions in the case of the Baldwin - Lo-
a local separation bubble (in the 2-D sense). This fea- max computation is due to sharp changes in the mag-
ture is clearly absent in the Rodi case (Fig.8c). The nitude of the local length scale computed by the tur-
experimental results are unclear in this region, leav- bulence model.
ing the accuracy of computed results open to ques-
tion. Downstream of the local separation zone (be- 5. Flowfield structure
tween x/6.-= 3.07 and 6.15), the Baldwin - Lomax
results show a converging - diverging - re-converging Notwithstanding the discrepancy between the com-
"coke-bottle" pattern near the centerline, the enve- puted and experimental values of surface heat transfer,
lope of the streamlines formed by local lines of co- the prediction of the flowfield (at least away from the
alescence. The flow within the diverging segment is solid surfaces) is fairly accurate in both computations,
turned away from the centerline. A similar pattern as evidenced by the overall good agreement between
is observed in the Rodi case, the diverging segment the computations and experiment for surface pressure
forming somewhat earlier (more upstream) than in and pitot pressure and yaw angle profiles. The corn-
the Baldwin-Lomax case. In the downstream portion puted results are thus analyzed to determine the flow-
of the interaction (x/I64> 6.15), the two compute- field structure of the interaction.
tions show close agreement with experiment. The flow
physics in this region is complex and the correspon- 5.1 Streamline structure
dence between the features observed in the surface flow
pattern and the flow structures away from the plate The streamline structure of the interaction deter-
(such as the low total pressure jet, corner vortices and mined from both the Baldwin - Lomax and Rodi corn-
shocks/expansions) is as yet not fully understood. putations show close agreement. The structure is sim-

ilar to that observed in previous studies of crossing
4.5 Surface heat transfer shock interactions7 ,1 °',1 . The principal feature of the

streamline structure is a low total pressure jet compris.
The computed and experimental surface heat trans- ing two weakly counter rotating vortices whose cores

fer distributions show overall fair to poor agreement. are formed by streamlines originating from close to the
Experimental flat plate heat transfer measurements flat plate within the incoming boundary layer. The
were taken along the interaction centerline and along trajectories of particles originating at y/boo= 0.005
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(Fig. 1 la) show the core flow. The two counter-rotating primary shocks have crossed and the reflected shocks
vortices are initially formed due to the individual sin- (7) are dearly evident. Shock 4a appears to continue
gle fin interactions" in the upstream portion of the upward, between the two reflected shocks. An expan-
flow, as indicated by the trajectories of particles orig- sion fan (8) is formed between the reflected shocks,
inating at y/6o,,,= 0.25 (Fig.lib). The two vortices below shock 4a. This expansion fan is the mechanism
"collide" at the centerline and lifted away from the for the turning of the low total pressure jet parallel to
flat plate in the form of a jet. This jet structure the flat plate, downstream of the crossed shocks (refer
is also evident from the low l.itot pressure contours Sec. 5.1). The shock over the centerline (5) is still
observed in Figs.5(a-f). Streamlines originating from present.
higher up within the boundary layer (e.g. at y/ 6,...= There are, however, some differences between the
0.75, Fig.l1c) wrap around and underneath the lifting wave structure described above and that determined
low total pressure jet (note the relatively higher pitot experimentally6 ,7 at Mach 4. In the present case, only
pressures away from the centerline at the base of the the central portion (4a) of the conical shock remains
low pitot pressure regions in Figs.5(a-f)). Streamlines after interaction with the rear shock (3). The Mach
originating close to the edge of the boundary layer (e.g. 4 experimental results, however, indicate that the en-
at y/b4o= 1.0, Fig.lld) are deflected by the local "in- tire conical shock (including the curved portion (4b))
viscid" portions of the primary and reflected shocks continues to grow outward after interaction with the
and continue streamwise over the low total pressure rear shock. This difference is perhaps due to the fact
jet underneath. that the expansion fans originating from the fin sur-

face at x/6bo= 6.26 in the present case interact with
5.2 Wave structure and significantly weaken the curved portions of the

conical shock. No such expansion fans were present
The wave structure of the interaction is similar in the Mach 4 case. There is a clear need for direct

to that observed in previous studies of crossing shock experimental flowfield visualization of the present case
interactions7'1 °'1 1 . Figs.12(a-d) show contours of static to resolve the above issues.
pressure (P/Po,) on cross-flow (y-z) planes at x/6oo=
2.15, 3.57, 5.23 and 7.38, respectively. The color bar 6. Conclusions
indicates the range of P/P..on the particular cross- The 3-D crossing shock interaction at Mach 8.3 for
flow plane. A schematic of the shock waves and expan- symmetric 150 fins was investigated theoretically (nu-
sion fans determined from the static pressure contours merically) using the RANS equations and two turbu-
at each location, is shown alongside. lence models. The following conclusions have been

The two computations show close agreement. The reached:
comparison is shown by presenting the results of the
two cases as the two halves of the croes-flow plane. , Computed results for surface pressure and pro-
At location a, (xf6,,o= 2.15), the "A\" shaped shock files of pitot pressure and yaw angle for both the
structures of the individual single fin interactions are Baldwin - Lamam and Rodi models are similar
evident. The primary shock (1) bifurcates2 into a sep- and show generally good agreement with experi-
aration shock (2) and a rear shock (3). A slip line (not ment. Neither model accurately predicts surface
shown) emanates from the triple point (intersection of heat transfer indicating a need for more accurate
shocks 1,2 and 3) and curves into the fin-plate junc- turbulence models.
tion. The separation vortex is aligned approximately 9 The streamline and wave structures of both mod-
with the primary shock, at the base of the shock. The els are in good agreement and similar to the re-
flow between the vortex and slip line is turned by an sults at lower (supersonic) Mach numbers. The
expansion fan (not shown). At location b (x/4 0 = principal feature of the streamline structure is
3.57), a conical7 "n" shaped reflected shock (4ab) has the formation of a low total pressure jet corn-
developed due to the interaction of the two separation prising two weakly counter-rotating vortices.
shocks. This conical shock grows outward, away from
the centerline. At location c (x/&oo= 5.23), the in- The close agreement between the two compu-
teraction of the curved portion of the conical shock tations with regard to the mean velocity field.
(4b) with the rear shock (3) has resulted in a region despite considerable differences in the computed
of local high pressure (6). The central segment of the eddy viscosity distribution, indicates that the
conical shock (4a) remains unaffected. A new shock flowfield is primarily rotational and inviscid. with
structure (5) is observed near the flat plate over the viscous and turbulence effects being limited to a
interaction centerline. At location d (x/6..= 7.38), the thin layer adjacent to solid surfaces.
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Table 1 Flow Conditionsa
0

S. (cm) 6 (cm) M. Re.5. Pte(kPa) Tt.(K) T.(K)
Experiment 3.25 1.26 8.28 1.7 x10 5  5220 1111 300

Baldwin-Lomax 3.0 1.38 8.20 1.6 x10 5  4900 1111 300
Rodi 3.0 1.22 8.18 1.6 x105  4822 1111 300

aLegend: 6 = boundary layer thickness, 6 = displacement thickness, M =

Mach number, Re = Reynolds number, Pt = total pressure, Tt = total tempera-
ture, Tw = wall temperature (fin and plate surfaces), subscripts: oo = evaluated
in freestream, 6 = evaluated based upon boundary layer thickness

Table 2 Grid Detailsa

x - direction
N. Lx/6.t l/6c oto/ 6 j

Baldwin-Lomax 100 0.15 -4.63 15.6
Rodi 100 0.15 -1.26 17.1

y - direction
Ny Ay/b. Ii. Ay/Sc, 1.a Y.15.~o

Baldwin-Lomax 72 0.56 x10- 4  0.16 7.39
Rodi 64 0.25 xl0- 4  0.14 6.0

z - direction
N. Az/6. Ii. Azf/c,, 1.o Z.j/6o

Baldwin-Lomax 35 1.81 x10-4 0.22 2.34
Rodi 40 0.25 x10-4 0.1 2.34

&~y+ late Npate Az+ Ifi. N, in
avg max avg max

Baldwin-Lomax 0.18 0.63 30 0.67 1.97 20
Rodi 0.4 1.0 30 0.3 1.0 20

"cLegend: 6 = boundary layer thickness, N., Ny, N, = number of points along
x, y and z directions, respectively, Ax, Ay, Az = grid spacings in the x, y and
z directions, respectively, Ay+p Iite, Az+ Jfi = distance of first point adjacent to
flat plate and fin surfaces, respectively, Nate, Nfin = typical number of points
in the boundary layer on flat plate fin surfaces, respectively, subscripts: in, out
= at inflow, outflow planes, rMn = maximum, nin = minimum, oo = evaluated
in freestream, superscripts: t implies variable grid spacing; reported values
are in vicinity of inviscid shock intersection, + implies wall units, i.e., distances
are normalized by the local viscous length scale vL/u.
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Abstract crossing-shock wave/boundary layer interaction (Fig. 1).
A detailed comparison of experimental and computational The crossing-shock interaction is comprised of the conflu-

results on the flowfield structure of a Mach 4, 15 degree ence of two separate single-shock interactions (for whicb a
symmetric crossing-shock wave/turbulent boundary layer great deal is already known), and thus represents a logical
interaction is presented. Experimentally obtained Planar progression in the study of shock/boundary layer interac-
Laser Scattering images are compared with static pressure tions. This interaction also applies to propulsion systems,
contours predicted by the computation, with the computa- since many high-speed inlets use sidewall compressions
tional results showing good overall agreement with the similar in geometry to the model shown in Figure 1.
experimental data. The experimental and computational Current research on crossing-shock interactions is divided
results are used in a complementary manner to develop a almost evenly between experimental and computational
detailed flowfield model of the crossing shock interaction. efforts. Early experimental efforts [2-6] focused mainly on
The flowfield structure is found to consist of a complex characterizing the surface flow features, with emphasis on
shock structure overlying a large viscous separated region. wall static pressure and streamline patterns. More recently,
This region occupies a significant portion of the outflow experimental efforts have gained an understanding of the
duct and consists of an accumulation of low-Mach-number, overall flowfield structure and developed a physical model
low-stagnation-pressure fluid. This region may have of these complex interactions [7,8]. Computational predic-
significant implications for sidewall compression inlets. tions of crossing-shock interactions have been performed by

several investigators [9, 10], but until recently have had only
Introduction limited experimental data with which to compare, making a

The interactions between shock waves and turbulent conclusive evaluation of the computations impossible. Thus,
boundary layers are very practical propulsion-related there is a need to compare the newly-acquired experimental
problems, especially in association with engine inlets, data with the computational predictions.
These complex viscous/inviscid interactions occur in The goal of this paper is to present a detailed comparison
virtually all high speed inlets, and play a key role in of experimental and computational results for a common
determining the quality of the flow within the engine. Thus, interaction, examining both the surface features and the
a fundamental understanding of the physics of these interac- flowfield structure above the surface. The objectives of this
tions is critical to the design of efficient propulsion systems. comparison are to evaluate the ability of the computation to

Over the past fifty years a great deal of research has been predict the flowfield, and to improve and revise the flow-
directed toward understanding shock/boundary layer field model originally presented in Ref. 7. By comparing
interactions, its emphasis being geared toward 2-D and the results of the data and the prediction, the strengths of
"simple" 3-D flows (see Ref. 1 for a thorough review of both are used in a complementary fashion to formulate a
these research efforts). More recently, effort has been detailed flowfield model of the crossing-shock interaction.
focused on understanding more complex, fully-three-
dimensional interactions. One particular example is the Descrintion of ,ExpRiments

The experiments were performed in the Penn State Gas
* Craduate Research Assistnt, Mechanical Engineering Dept. Dynamics Laboratory's Supersonic Wind Tunnel Facility,

Student Member AMAA. which is an intermittent blowdown tunnel with a test section
** Professor of Mechanical Engineering and Director, Gas Dynamics size of 15x 17x60 cm. This facility has a unique variable

Laboratory. Associate Fellow AIAA. Mach number capability over the range from Mach 1.5 to
Research Staff Member, Mechanical and Aerospace Engineering 4.0. For the experiments described in this paper, typical

Dept., Student Member AIAA. tunnel operating conditions were a stagnation pressure of
* Professor of Mechanical and Aerospace Eagineering. 1500 KPA, a stagnation temperature of 295 K, and a unit

Associate Fellow AIAA. Reynolds number of 76 million/meter.
Copyright 0 1992 by the American Institute of Aeronautics and
Astronautcs, Inc. Figure 1 shows the model geometry used for the crossing-

shock experiments. This model consists of two vertical



fins, both at angle of attack a, mounted to a horizontal flat velocity is set to zero, as are the normal gradients of
plate. The flat plate generates an equilibrium, nearly static pressure, wimperature, and the remaining two
adiabatic, zero-pressure-gradient turbulent boundary layer velocity components.
which interacts with the two crossing oblique shock waves 9 On the top and outflow boundaries, the gradient of all
generated by the fins. The incoming properties of the flow variables is set to zero.
boundary layer are 6 =-3.5 mm, 6'- 1.12 mm, and 6 = For simplicity in the computational solution, the fin
0. 13 mm (values revised from Ref. 7). The fins are located boundary layer is taken to be turbulent from the leading
21.3 cm downstream of the plate leading edge, with a edge. Although this differs from the experiment, for which
transverse distance between the fin leading-edges of 9.63 the transition point occurs downstream of the leading edge,
cm. The height of the fins is 8.25 cm, large enough to be the effect of this assumption on the flowfield region of
effectively "semi-infinite*. interest has been shown to be negligible in past analysis of

The complete experimental program examined a range of single fin interactions [14,15].
symmetric shock generator angles ranging from 7 to 13 Details of the computational grid used are given in Table
degrees at Mach 3 and 7 to 15 degrees at Mach 4. Howev- 1. The grid spacings are comparable to or better than those
er, this paper will focus on the analysis of only one case, employed in previous single fin [14,151 and crossing shock
namely the Mach 4, 15 degree interaction. The experimen- computations [9]. A non-uniform grid spacing in the Z
tal measurements consisted of surface flow visualization and direction is used, with the minimum grid spacing located in
Planar Laser Scattering (PLS) flowfield visualization. PLS the region near the inviscid shock crossing. The computa-
visualization, also referred to as laser light screen or vapor tion was performed on a CRAY Y-MP (single processor)
screen visualization, is a technique by which the details of and required approximately 32 hours of CPU time.
a flowfield can be recorded through scattering of laser light
by seed particles in the flow. A more detailed description Comparison of Results
of the experimental setup and techniques is given in Ref. 7. Surface Streamline Patterns

Figure 2 shows a comparison of experimental and compu-
Description of Computations tational surface streamline patterns. It should be noted that

A computation of the Mach 4, 15 degree interaction was the experimental pattern is not for the Mach 4, 15 degree
performed for the same flow conditions as the experimental interaction but rather for a weaker case(Mach 3, 11 degree
case, but with a slightly modified geometry. Referring to interaction). The reason for this is that, for very strong
Figure lb, in the experiment the fins were terminated at a interactions, the fins must be positioned at angle of attack
distance Z=Le downstream from the fin leading edges, after the windtunnel has started, resulting in lower quality
where Le is the distance required for the inviscid shocks to traces which are not very reproducible. However, the
intersect the opposite fin surfaces. To simplify the body- features shown in the experimental trace of Figure 2 are
fitted grid system, the physical domain of the computation typical of the interactions examined experimentally, and can
was modified by the addition of an outflow duct of angle be compared qualitatively with the computational pattern.
0=30. The effect of this modification on the flowfield Examination of the results given in Figure 2 shows that
region of interest (i.e. the region surrounding the crossing upstream, near the fin leading edges, the patterns are quite
shocks) is believed to be negligible, since there is supersonic similar, as would be expected since the interaction starts as
flow over the entire computational domain at Z =iLe. two separate single fin interactions for which a great deal of

The theoretical model used in the computation is the full research has been done. Evident in both figures are the
3-D mean compressible Reynolds-averaged Navier-Stokes primary separation and attachment lines and the line of
equations in strong conservation form [11]. Turbulence is upstream influence. Moving downstream, differences in
incorporated through the Baldwin-Lomax [12] algebraic the two patterns become evident, especially near the
eddy-viscosity model. The numerical algorithm employed interaction centerline. In the computation, the primary
is the hybrid explicit-implicit scheme of Knight [13]. separation lines come together at the interaction centerline,
Utilizing the symmetry of the crossing-shock interaction, the forming a node of attachment, while in the experimental
physical domain in the computation is reduced to one-half of trace the separation lines initially converge toward the
the experimental domain. centerline but then turn downstream, never actually merging

boundary conditions employed for the computational together. In fact, all the experimental traces recorded over
domain are as follows: a range of interaction strengths showed this same behavior:
"* On the inflow boundary, an incoming 2-D equilibrium the primary separation lines initially converge toward the

turbulent boundary layer profile is prescribed to match centerline, then diverge from it, then finally approach it
0 the experiment. again further downstream. The discrepancies in the compu-

"* On the fin and plate surfaces, the velocity vector and tational and experimental patterns along the interaction
normal gradient of static pressure are set to zero. The centerline are most likely attributable to the inaccuracy of
wall temperature is set to 1.06 T,., to match the experi- the Baldwin-Lomax turbulence model used in the computa-
mental value. tion. This region consists of a highly separated, vortical

"• On the plane of symmetry, the normal component of flowfield which is quite complex and most likely not

a



modeled well near the surface. Away from the centerline, shape of the computed separated region compares quite well
the computed patterns again show reasonable agreement with with the experimental results throughout the interaction.
the experimental results. However, because the static pressure plots reveal the shock

Based on a comparison of the computed and experimental structure best, they alone are presented in the remaining
flowfields above the surface, as described in the following frames of Fig. 3 for brevity.
section, it is felt that the flowfield features in the vicinity of Frame b) occurs slightly downstream of where the two
the interaction centerline are very localized near the plate separation shocks meet. To understand the confluence of
surface and do not have a significant effect on the flowfield these two separate single-fin interactions, it is beneficial to
away from the surface. However, the effects on surface make use of the method originally presented in Ref. 7.
prop•'-ties such Ps skin friction Rpd beat trmxsfer are yet to Here, the Y-7 ptane passing through the interaction cernter-
be fully resolved. Experimental heat transfer measurements line is considered an inviscid reflection plane. Because of
for a Mach 8.3, 15 degree interaction [8] reveal a relatively the inherent symmetry of the crossing-shock interaction,
flat C, distribution across the centerline, which may indicate shock waves which intersect this plane must reflect off it in
that the observed features are not very significcnt to the order to satisfy continuity. With this reference frame, we
surface properties either. Experimental skin friction see that the incident separation shock reflects from the
measurements for a range of cases are currently underway reflection plane, appearing as a bright region in the PLS
at Penn State, and these results should shed more light on images on the interaction centerline near the plate surface.
the significance of the surface flow features near the The high static pressure region associated with this "reflect-
interaction centerline. ed" separation shock can also be seen in the computational

image, which coincides well with the experimental result.
Wave Structure Frames c) through e) show that the incident separation shock

Figure 3 shows a comparison of computed values of the continues to "reflect" off the reflection plane, with the
normalized static pressure, P/P., with the experimentally corresponding image of the shock in the experimental PLS
recorded Planar Laser Scattering images at 14 spanwise images comparing quite well to the high static pressure
planes throughout the interaction (note that the color scale regio in the computation.
for the computational results has been optimized for each Frame e) occurs approximately at the location where the
frame, resulting in a variable color scale as indicated in the reflected separation shock crosses the incident rear shock.
legends of Fig. 3). These frames are at equally spaced Up to this point, the experimental and computational results
intervalsofZ/6.= 1.43 with the first frame at Z/1. = 16.6. compare quite well. However, beyond frame e) a signifi-
The origin of the Z axis is on the interaction centerline at cant difference in the two results becomes evident. In the
the fin leading edge position, as indicated in Fig. lb. experimental PLS images of frames f) and beyond, it is
Figure 4 shows a corresponding interpretation of the key observed that the reflected separation shock crosses through
features revealed in the images of Figure 3, and will be the incident rear shock and continues outward toward the
used as a basis for discussion of the flowfield structure. fin, while in the computational results, beyond frame e) the
Also shown in Figure 4 is a schematic depicting the loca- reflected separation shock is no longer seen (i.e. following
tions of the 14 frames relative to the model geometry. the terminology of Frame j, the main segment of the
Notice that, based on the inherent symmetry of the crossing reflected separation shock, 6c, is not present in the compu-
shock interaction, only half of the actual interaction is tational solution). Examination of the experimental images
shown in Figure 4. Also, it should be noted that the images in Figure 3 clearly shows the presence of the feature which
shown in Figure 3 are at 1.3 times full scale, while the has been labelled as the main segment of the reflected
schematics of Figure 4 are to actual scale. Finally, much of separation shock in Figure 4. Furthermore, experimental
the discussion of the shock wave structure which follows surface flow visualization traces on the fin show the inter-
relies on the detailed analysis originally given in Reference section of this shock wave with the fin well in front of the
7, and this reference should be consulted if additional location at which the inviscid shock intersects the fin, as
insight is required. can be seen from Figure 5. (This fin trace is for a weak

Frames a) of Figures 3 and 4 occur upstream of where interaction, Mach 3, 9 degrees, but the same pattern was
the two single fin interactions meet, and thus represent two observed for all interactions examined.) In addition, the
separate single fin interactions. The main, separation, and feature observed on the fin cannot be associated with the
rear shocks are visible in both the experimental and the inviscid shock wave, since it occurs near the plate surface
computational results (note that due to a restricted field of and the inviscid shock segments end well above the plate
view the PLS images do not extend out to the fin surfaces). surface. Thus, it is felt that the main segment of the
Also visible in the experimental images is the separation reflected separation shock is definitely present in the
bubble under the bifurcated shock system, appearing as the experiment, but appears to be absent in the computation.
dark region near the plate surface. This separated region Further research effort is needed to resolve this discrepancy,
does not show up well in the computational plots of static possibly by repeating the computation with a significantly
pressure, but does appear clearly in plots of total pressure, reduced grid size.
such as the one shown in Frame o). In general, the size and
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Next, Frame g) occurs just upstream of the inviscid shock diffuse gradients as those associated with a weak expansion.
crossing location. The static pressure plots reveal the
formation of two high pressure regions located symmetrical- Streamline Structure
ly about the reflection plane. It is believed that these Up to this point it has been easiest to take features found
regions are associated with the complex shock crossings in the experimental images and find the corresponding
which occur as the two inviscid shock waves approach one features in the computation, simply because the resolution
another. Just below the triple point, the bifurcated shock of the PLS images is much better than that of the computa-
system reflects from the reflection plane, resulting in the tion. However, due to high temperatures and low densities
reflection of the incident separation shock, the crossing of which greatly reduce the seeding density, the experimental
this reflected separation shock by the incident rear shock, PLS images can only resolve the size and shape of the
and finally the reflection of the incident rear shuck. Ihis separated region, but not the actual details within it. One
complex sequence of reflections and crossings occurs over expects the presence of two vortical structures (cf [9,16]),
a relatively short streamwise distance. However, at present arising from the two original single-fin interactions, and
neither the experiment nor the computation has the resolu- based on this expectation the locations of the vortices within
tion to adequately resolve the details of this section of the the separated region were estimated in the original flowfield
interaction. Based on the experimental images, it is be- model given in Ref. 7. Based on the comparison in the
lieved that the incident X shock structure reflects from the previous section it was established that the computational
centerplane and remains intact, though somewhat distorted, solution does a reasonable job of predicting the flowfield
propagating back outward toward the fin surface. Current structure. Thus, the computational solution may now be
experiments are underway at Penn State to examine the used to provide additional detail in this region. It shows
nature of the crossing region in greater detail in order to that the vortices are actually located closer to the plate
better understand the complex sequence of events associated surface than originally estimated in Ref. 7. The cores of
with the crossing of the bifurcated shock system. these vortices show up clearly in the computations as two

In Frame i), which is downstream of the inviscid crossing low-static-pressure regions near the plate surface. Also
puint, the reflected soparation shock becomes distorted as revealed by the computation is the presence of a very high
it propagates into regions of varying Mach number. static pressure region between these vortices. This feature
Referring to Frame j), the portion of this reflected separa- does show up in the experimental PLS images, appearing as
tion shock which propagates upward between the two a brighter region at the plate surface near the interaction
inviscid shocks has been labelled as the centerline segment, centerline. At present, the physical mechanism responsible
6a. This segment of the reflected separation shock is for this high pressure region is not completely understood.
resolved by the computation, unlike the main segment Computational particle traces within the flowfield can also
discussed previously. Relative to the freestream flow be used to help understand the flowfield streamline struc-
direction, the centerline shock segment is inclined at a ture, especially within the separated region. By rele-ing
steeper angle than the main segment, due to the substantially particles at various distances from the flat plate suri|,e
reduced Mach number in the region between the crossed within the incoming boundary layer, the flowfield stream-
inviscid shocks. Consequently, this shock segment *propa- lines can be determined. Figure 6 shows a sequence of
gates" upward much faster that the main segment of the traces for particles originating at y/b. = 0.01, 0.25, and
reflected separation shock approaches the fin. This leads to 1.0. From these traces, the formation of two counter-
the formation of a *bridge* shock segment, 6b, which rotating vortices can clearly be seen. These vortices are
connects these two shocks, thus maintaining a continuous formed in association with the two single fin interactions
shock front and producing an additional triple point where and converge upon the centerline as the two interactions
the bridge and centerline segments meet the inviscid shock. cross. It can also be seen that essentially the entire incom-

In Frames h) and beyond, the high centerline static ing boundary layer along with fluid originating in the
pressure region predicted by the computations corresponds freestream flow becomes engulfed into the separated region.
quite well with the shock envelope comprised of the center- This results in the accumulation of a large low-Mach-
line and bridge segments of the reflected separation shocks number, low-stagnation-pressure region which occupies a
and the reflected rear shock(i.e. shocks 6a, 6b, and 7). significnt portion of the outflow duct. Since the desired
This envelope continues to grow in size as the reflected output of an inlet is a uniform, high-stagnation-pressure
shock system moves outward toward the fin. In addition, flow, this large separated-flow region has significant
the shape of the inviscid and bridge shock segments (8 and implications in the design of high-speed engine inlets.
6b) show good agreement with the shape of the main shock Figure 6 also shows that the two vortices initially lift
structure predicted by the computation. The computation upward rapidly as they approach one another and then tend
also reveals the development of an expansion region located to "level off" further downstream. This levelling-off of the
between the two inviscid shocks, just above the separated streamlines within the separated region is consistent with the
region (this expansion is especially evident in Frames k and observation of the expansion above the separated region, as
beyond). This expansion cannot be seen in the experimental discussed in the previous section.
images because the PLS technique cannot resolve such
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Table i Grid Details

z - direction

N2  A;, .ct 4-. /W6
66 0.64 -5.0 42.2

y - direction

N y A y /4 c , I,S , i A y /6b ; ,,z y ,,,. / 6 o, N B L
66 1.2 x 10-' 0.58 22.9 28

x - direction

N- Ax/60 - j,, Ax6 0 I..l2 NBL
44 1.9 x 10-1 0-74 13.76 20

Legend: 6 = boundary layer thickness, N2, N•. N2 = number of points along z, yand x
directions, respectively, Az. Ay. Ax = grid spacings in the z. y and x directions, respec-
tively, subscripts: in, out = at inflow, outflow planes, maz = maximum, min = minimum,
oo = evaluated in freestrearn, symbols: t = variable grid spacing, reported values are in
vicinity of inviscid shock crossing location.

FIN
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.SHOCKS

outflow duct
(in computation)

0I

x P " .R . . - Z.::
S=9 m o ....................... .•• • :........................................ ..

*L., 9.63 cm.
Flow

P R m

L • = 12.8 cm
L, = 16.34 cm

b) L 18.11 cm -

Legend: a =fin angle, a = outflow duct angle (in computation), P = primary shock,

R = reflected shock, E = expansion fan

Figure I Model Geometry: a) perspective view of experimental geometry;

b) top view of computational geometry.
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Figure 3 Comparison of exrperimental PLS images with computational results
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Figure 3 (continued) Comparison of experimental PLS images with computational results
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00) P,/P, at the same plane as frame a). mini 0.00. A =0. 15

Figure 3 (concluded) Comparison of experimental PLS images width computational results
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mounting bolt
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Figure 5 Fin surface flow pattern for a Mach 3, 9 degree interaction.

a) b) C)

*Figure 6 Particle traces: a) yl. 0.01; b) yI6.. 0.25; c) y/8. 1.0.

a) b)

07

Figure 7 Downstream view of particle trace for particles originating at y/S.~ 0.25:

a) perspective view, b) rear view.
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