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INTRODUCTICON

The study of turbulent jet shear flow plays an important role in numerous engineering
applications. Free and confined jets aie common devices present in mixing processes and the
production of thrust. Jets form due to flow issuing from a nozzle and the resultant velocity difference
forms a shesr layer consisting of coherent toroidally shaped vortical structures whose dynamics are
responsible for entraining surrounding fluid and the generation of fine scale mixing requisite for the
initiation of chemical reactions. It is therefore desirous to control the transfer of mass, heat and

nomMCniuin via laige-scale and smaii-scaie mixing processes.

A passive method of enhancing the rate of entrainment by as much as 500% in subsonic open
nozzle flows has been obtained by modifying axisymmetric nozzle geometry to a 2:1 aspect-ratic
elliptic nozzle.! Small aspect-ratic elliptical jet nozzles have been demonstrated to more efficiently
control mixing processes and to exhibit increased rates of spreading and entrainment than
axisymmetric nozzles at subsonic? and supersonic conditions,? in a conficed dump combustor,4 and
in nigh-temperature ramjet facilizes.’

Toroidal elliptic vortices in asymmetric jet shear layers are characterized by azimuthally varying
radii of curvature. The section of the vortex ring occupying the major axis plane with minimum
radius of curvature is convected faster downstream by nature of the Bios-Savart Law of induction
than the minor axis plane section which has maximum radius of curvature. The faster moving
section of the major axis section convects forward as it bends inward decreasing its local radius of

curvature until it matches the radius of curvature of the minor axis section which is simultaneously

moving outwards. This asymmetric process called vorzex self-induction is the principle mechanism °

driving entrainment in small aspect-ratio elliptic jeis which entrain ten times more mass in the
minor axis region than the major axis region.! These vortex dynamics unique to three-dimensional
nozzles severely deform the topology of the large-scale structures and are responsible for the elliptic

jet’s enhanced mixing properties. The phenomenon of axis switching occurs when the otiginal _
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scale mixing.

Results at the University of Southem California demonstrate that the initial frequency conient,
velocity, temperature, upstreara geometry of the exit nozzle and ics aspect-rato governs the
hydrodynamic instabilities respensible {or the creation and evolution of the elliptic jet’s shear layer.
These initial patameters modify the boundary layer momentvn thickness at the jet exit creating an
asymmetric distribution of vorticity throughout the elliptical nozzle’s contour, This alteration in the
inital Kelvin-Helmholtz instability wave strongly meaifies the downstream self-induction process of
the ensuing large-scale structures. Current investigations have determined that the mechanism of
self-inducdon which controls the large scale evolution of the elliptic jet is also the principle source
of small-scale production in the shear layer. Whereas vortex merging is responsible for small-scale
production in two-dimensional and axisvmmetric free shear layers.6 Thercfore, the entire spectrum
of mixing from the large inviscid structures down to the smallest viscous dominated fine scales are

controliable either directly cor indirectly via the self-induction inechanism,

ELLIPTIC JET FACILITY

The experimental jet facility is driven by four centrifugal blowers in parallef and heated by two
electric heaters in parallel. The flow enters an anechoically treated settling chamber, contracts into
an aluminum stagnation chamber of constant diameier and passes through a seues of aluminum
honeycomb, aluminum foam, and fine wire mesh screen sections enhancing flow uniformity and
reducing turbulence. An aluminum composite nozzle smoothly contracts to a 2:1 aspect-ratio
elliptical orifice whose major and minor axes’ dimensions are 50.8 cm (= 2a) by 25.4 cm (= 2b),
respectively. The semimajor axis length, a, will be the typical scale for nondimensionalizing lengths.
The operational conditions of the jet facility are bounded by 2 maximum velocity of 85 m/s and a
maximum temperature of 220 C.

Instantaneous velocity signals are sampled by high temperature hot-wire probes connected to
multi-channel constant-temperature circuits providing a flat frequeacy response to 30 kHz.
Instantaneous temperature signals are sampled by a culd-wire probe that is digitally frequency
compensated to 3 kHz. The single wire sensor element consists of 5.08um diameter platinum-10%
thodium wire attached to a 1 mm wide probe and the parallel wire probe has two clements 0.4 mm
wide separated by 0.5 mm allowing enhanced resolution in detecting small structures, The probes
are mounted on a microcomputer controlied traverse syscem translatable in three-dimensions.
Fluctuating multiple-channel data is digitized by a 33 MHz 80386 PC microcomputer at acquisition
rates up to 1 MHz and recorded on a 650 Mb erasable optical disk and an ethernet networked 1 Gb
Winchester disk. Data ts subsequently processed and transferred between Localtalk networked
80386 PCs and a 40 MHz Macintosh Ufx woikstation.”

Sampling along the major and minor axes provides mean and fluctuating profiles o™ velocity or
ternperature, respecuvely, which indicate jet spreading rates and axis switching locations. The

massflow, small-scale distribution and strearawise velocity gradients are invesugated throughout one
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quadrant at rejpective downstream cross-sections by sampling velocities and temperature across a
rectangular grid. Measurements of the total massflow are determined by sampling the velocity and
temperature across an entire curface normal to the free stream direction and indicate the amount of
ambient fluid entrained into the flow by the large-scale vortices. Instantaneous velocities are phase-
averaged with respect to a second hot-wire probe recording the passing of large scale structures.
Large-scale information is obtained by smoothening raw data with 2 finite-impulse response digital
filter. Frequency content is determined with the 1-D fast Fourier algorthm and both physical and
spectral information are obtained with the 1-D Wavelet Transform algorithm. Small-scale structures
are detected through a series of conditional statements employed in the Peak-Valley Counting
Technique developed at the University of Southern California.8

TECHNICAL DISCUSSIONS

L. Inital Conditions

The effects of exit velocity, temperature and frequency upon the elliptc jet’s development
were investigated at the jet exit to understand what factors influence vortex self-induction. The
initial momentum thickness in the major and minor axes’ regions confirmed previous findings of the
existence of an asymmetric distribution of mormentum thickness about the nozzle perimeter.! At the
lowest velocity measured, Ug=20 m/s, the momentum thickness is narrower in the minor axis region
than the major axis region such that 8,/8,~ 6 inferring the existence of intense vorticity disiribution
in the minor axis region due in part to a smaller radius of curvature along the upsiream nozzle wali
contour in the minor axis plane which induces a larger transverse pressure gradient in that region of
the boundary layer. At higher exit velocities the momentum thickness decreases in the major axis to
match the minor axis momentum thickness and create a more symmetric distribution of vorticity
that retards the effects of vortex self-induction.
ntent was investigated through forcing ai the Preferrved Mode
frequency, the characteristic passage frequency of the large scale strucn.ces at the end of the jet’s

potential core tegion approximately five exit diameters downstream, Under forcing the momentum

The influence of freguency co

thickness increases by 100% due to additional flow acoustically drivea {voin the foccing chambers
adjacent to the jet exit. However, the momentum thickness ratios decrease to half the natural values
: 1d 0,/8, decreases from three to unity with increasing exit velocity. Therefore, Preferred Mode
forcing enhances the initial vorticity distribution in the major zxis region,

Dramatic increases in flow spreading are achievable by forcing at the Preferred Mede becasue
the initial vortices amalgamate into larger structures at a frequency approximately one-tenth their
‘natural’ value resulting in a Collective Interaction phenomenon.? Spectral analysis of the instability
waves near the jet exit confirm the ability of Preferred Mode forcing to suppress vortex merging.

Preferred Mode forcing is a useful diagnostic means of investigating the isolated effects of vortex
self-induction in asymmetric jet flows. 10




Exit velocity and temperature profoundly alter the elliptc jet's flow field. Mean velocity profiles
in the major and minor axes exhibit greater shear layer spreading raies at lower exit velocities and
higher exit temperatures. Jet growth may be properly illustrated by plotting the velocity halfwidth, the
radial location at which the local velocity is half the centerline, for varying streamwise stations. The
elliptic jet’s spreading is greater and hence its bulk mixing properties improve when the axis
switching location is nearer to the nozzle exit because the outward radially growing minor axis region
entrains more ambieat upstream. The length of the wis switching location is a strong indicator of
the efficiency of vortex self-inducuon and is dependent upon the exit Reynolds number, and the
exit density ratio, I' = p/p...1! Axis switching locations occur farther downstream in larger aspect-ratio
asymmetric jets and consequently these nozzle configurations offer lower rates of mixing.12 Refer to
Figure 1.

Entrainment ratios obtained by normalizing the local massflow to the exit massflow
demonstrated the elliptic jet to entrain more fluid than an axisymmetric jet of equivalent exit
hydraulic diameter at varying velocity and temperature conditions thereby extending its operating
range. The minor axis region entrains more than the major axis region for all velocity and
temperature cases studied confirming the existence of an asymmeiric massflow distribution due to
self-induction dynamics rather than vortex meiging.! Entrainment ratios in the elliptic jet decrease
with increasing cxit velocity and inciease ac higher flow temperatures which correlates remarkably
well with the axis switching location. High temperature nondomogencous flows entrain as much as
30% more at Ty = 480 K than ambient flows inferring that density effects exert stronger instability
influences than the Reynolds number upon vortex self-induction dynamics. The near-ficld region of
a nonhomogeneous elliptic jet entrains up to six times more than a homogeneous axisymmetric jot
and entrains up to three and a half umes more than a nonhomogeneous axisymmetric jet.1! Refer to
Figure 2. These findings are promising in view of the fact that combustion processes ~re typically
initiated in the near-field region. Stability calculations reveal greater deformations in the inital
vortices at increased exit temperatures supporting experimental cbservations, and increased
temperatures improve bulk mixing characteristics in an elliptic jet.13

The initial exit conditons, including velocity, temperature and freqiency content in addition to
the nozzle geomeury, together significantly modify the initial momentum thickness and hence the
initial vorticity content of the large scales. The momentum thickniess is an important length scale
and coupled with velocity and the initial instability frequency through a constant Strouhial number
relationship for jet tree shear layers dictates initial conditions.14 The degree of asyramety in the
vorticity distribution is responsibie for the azimuthally varying induced velocity distribution that

determines the rate of growth of the shear layer by inviscidly controlled dynamics of voitex self-
induction,

II. Self-induction Dyramicsit

The mean velocity profiles emerging from asymmetric nozzle possess top-hat profiles and evolve



into bell-shaped profiles downstream. However, three-dimensional jets are disunguished from their
axisymmetric counterparts by displaying unique veiocivy profiles and spread rates in the planes of
their major and minor axes regions, respectively. The minor axis velocity profiles display
considerably higher spreading than the major axis veiocity profiles. The Reynolds numbcr
dependence of vortex self-induction is evident in the degree of asyinmeury of the mean velocity
contours at two extreme exit velocities. Increased spreading of the minor axis shear layer into the
ambient and near-circuiar topologies characterize the lower velocities and at higher velocities
spreading rates are less pronounced in both axes’ regions and contours of constant velocity retain
their elliptical nature signifying delayed axis switching. Refer to Figufe 3(a).

Preferved Mode forcing severely distorts the mean flow field from an elliptical to a rectangular
distribution and downstream of the potential core the acoustically modified azimuthal modes
severely distort the vortex ring into a ‘cloverleaf’ distribution possibly as a result of the toroidal
vortices 1ateracting with enhanced streamwise vortices.15 Lower degrees of spreading characterize
the minor axis regior:. prolonging the onset of axis switching, thus Preferred Mode forcing appears to
strengthen the vorticity content of the major axis region at the expense of the minor axis region.
Refer 1o Figute 3(b).

An approximation of the large scale vorticity field in the natural and Preferred Mode forced cases
was obtained from low-fiequency bandpassed, time-averaged and phase-averaged analyses of the
velacity sirain race field, du/ox, du/dy and du/dz. Two of the three vorticity components lie parallel to
the vortex ring plane and are approximated bv two of the velncity strain quantities, y = du/dz- 9w/dx
~du/dz, and ®, = dv/dx~du/dy ~ ~du/dy. Vorticity in the major axis region may be approximated by
values of —0u/dy, and similarly, vorticity ir the minor axis region by values of du/dz. Intersections of
phase-averaged du/dy with the major axis plane and phase-averaged ou/dz with the minor axis plane,
respectvely, rezdily visualize vortex cores. Fiaar the jet exit at the second vortex merging location
the :ajor axis section of the riny is shifted downstream of the minor axis section in agreement with
fiow visuaiization! and the Biot-Savart Induction Law. At the location of axis switching the minor
axis core surpasses the major axis core accompanied by an increase in its local ring radius. Far
downstream in the fullv tu:bulent region both core sections exhibit weakened vorticity of one-fifth
their initial value due to phase decorrelation of the large scale structures.16 The major axis vortex
cross-sections are approx:mately 100% larger in dimension and as much as 50% weaker in magaitude
than the respective minor axis cores confirming the presence of more intense vorticity in the minor
core. Preferrcd Mode forcing intensifies the vortex cores by rzducing their cross-section 20% and
increasing peak vorticity by 100% by more efficiently imparung energy from the mean flow into the
large-scale vortices. The forced major cores are of anproximate strength as the minor cores adding
evidence to the exastence of an enhanced major axis region under Preferred Mode forcing,.

The temperature field was investigated at nonhomoegencous conditions and displayed regions of

cooler ambient fluid penetraung into the porentai core along the minor axis. Investigations revealed

greatet rms temperature peaks in the minor axis section and a conspicuous bifurcation of the




centerline temperature peak in the mean temperawre field at the end of the potential core together
substanuated the existence of larger mixing rates in the minor axis region. Probability density
function analyses of the turbulent temperatuie ficld identified broader, more evenly distuributed
temperature profiles along the minor axis skewed towa:ds ambient temperatures. In contrast the
major axis profiles were characterized by narrower peaks skewed towards centerline temperatures.17

Density fluctuations in the nonhomogeneous elliptic jet was visualized by conventonal
shadowgraph, schlieren and focused schlieren optical diagnostic methods.!8 The wrnkled turbulent
three-dimensional outc - structure of the shear layer, streamwise vortices ard toroidal structures wete
imaged at various velocities and temperatures confirming the existence greater spreading in the
minor axis plane. Focused schlieren techniques imaged planar sections of finite depth within the

shear Jayer and individual cross-sections of tilting large scale vortices albeit at reduced levels of
contast.

111. Small Scale Topology!1, 19

The three-dimensional topoiogy of the small-scale structures in the elliptic jet shear layer was
investigated for the case Uy =20 m/s to document small-scale production regions and to identify the
physical mechanism of small-scale generation. Small-scale structures designate regions of small-scale
mizing where large parcels of ambient fluid are¢ homogenized and broken down to progressively
smalier scales by complex large-scale vortex interactions and infer the existence of combustion
regions in reacting flows possible under required thermodynamic and stoichiometric conditions. The
flow was forced at the Preferred Mode frequency to isolate vortex self-induction effects from vortex
merging on small-scale generation and compared against the natural case.

Within the firs* five semimajor axis diameters downstream the small-scale structures are
asymmetrically distributed in the vortex ring regions in the natural case with as much as 40% larger

populations in the minor axis region. In the Preferred Mode forced case the modified rectangular
vortices contain a more symmetric small-scale distribution with only 10% greater sm
in the major axis region. Farther downstrearn in the natural case the small-scale structures spread
inwards to the jet center taking on a symmetric near-circular distribution and similar events
characterize the forced case ercept that the small-scale contour ievels take on recrangular contours
and further downstream ‘cloverleaf’ distributions characterisuc of the mean velocity field in the
distorted shear layer. In the natural case the distributions are maximum in the near-field minor axis
region by as much as 40% more than the surrounding shear layer with the reverse occurnng in the
Preferred Mode forced case where they are more symmetric with less prominent peaks which arce
10% greater than levels occupying the vortex ring downstream of x/a = 4 in the forced case. Maxima
in the number small scales per number of local large scales increases parabolically in the natural case
aownstream because the large scale populations decrease downstream due to successive vortex
mergings. However, in the forced case vortex merging is suppressed and consequently the number
o- small scales per local large scales remains nearly constant with a small peak at x/a=5. Refer to




Figures 4(a) & 4(b).

Preferred Mode forcing distributes more small scales over a greater cross-section and overall
small-scale population increases by 25% than the natural case possibly due to enhanced interactinns
between larger, concentrated toroidal vortices and screamwise structures. Therefore, the mechanism
of vortex seif-induction rather than vortex merging is principally responsible for small-sca®
generation in a subsonic 2:1 aspect-ratio ellipuc jet.19 Small scales are produced vne semimajor axus
diameter closer to e jet exit under forcing thereby decreasing the distance to turbulent transitic 1
and shifting higher levels of small-scale mixing activity nearer upstream to the exit. In the natural
case both inajcr and minor axis 1egions generate equivalent numbers of total small scales, whereas
the forced major axis region produces as much as 50% more small scales than the minor axis region.
Self-induction enhances vorticity in the major axis region, Refer to Figure 5. In the natural case the
number of small scales peaks at x/Ag = 8, the second vortex merging location similar to that of a
subsonic mixing layer8 and at higher exit velocities the peak in the sueamrvise small-scale
population shifts upstream to x4 = 4. The smali-scale levels steadily decrease downsiream due to
the dissipation of decreasing turbulent kinetic energy in the decaying free shear layer at the
wavelength of the small-scale structures.8 The peak in the forced case occurs upstream of the
natural peak at x/Ap = (.3, where Ag is the Preferred Mode wavelength, for all velocity cases due to
increased turbulence levels nearer to the jet exit. Downstream the numbers decrease, then gradually
increase to a small peak at the end of the potenual core and tinally decay downstream in a fashion
similar to the natural case. Refer to Figures 6(a) & 6(b).

A frequency histogram analysis of the small-scale content in the shear layer reveals peaks
identifying the mout probable small-scale frequency whose values increase hinearly with gieater
Reynolds number. For a given velocity the peak of the small-scale trequency distribution decreases
very gradually downstream along the decaying shear layer fur both the natural and Preferred Mode
forced cases. In addition, these distributions are identica! in both axes’ regions for both flow cases
indicaring thar forcing only modifics the large-scale struciutes and the popuiation of cmail scales but
it does not directly affect the physical nature of the viscous-dominated small scales. The dimension
of the small-scale scructures are about one order of magnituce larger than the Kolmegorov length
scale and 1/2 9 3/4 smaller than the Taylor microscale.

Time-averaged and phase-averaged population densities of the small-scale and velocity strain
rate distributions suggest the minor axis region of the vortices control small-scale processes. Two-
dimensional raster imaging demarcaties regions of small-scale activity during successive phases of the
passage of one large scale structure.14 Concours of constant du/dz cepresenting the pactal vorticity
component in the minor axis region comrelate with the small-scale topology in the natural case than
contours of du/dy representing the partial vorticity component in the major axis region. Small-scale
production by the correlated and stronger vorticity field in the minor axis regi~n complements the

existence of greater entrainment values and maxima of the small-scale distribution in the minor axis

region. In the Preferred Mode forced case the du/dz disuibution alse correlates more strongly witn




the distorted albeit more symmetric small-scale distribution. Phase-averaged analyses confirmed the
occurrence of small scales and both du/dy and du/dz velocity strain rates within the vortex core cross-
sections. The maximum number of small scales occur in the downsueam circumferential section of
the vortex core for the natural case and in the center of the vortex core for the forced case.
Furthermore, the regions of velocity strain rate extend upstream into the *braid’ region in tlie natural
case but do not under forcing. Observations of natural and forced small-scale mixing activity in the
subsonic elliptic jet correlate well with combustion product concentrations visualized in natural and
Preferred Mode forced chemacally reacting nozzle flows.20 Refer te Figures 7(a) & 7(b).

CONCLUSION

By passtvely changing nozzle contour geometry and aspect-ratio and acrrvely varying the inital
frequency content, velocity and temperature, the initial asymmeiric vorticity distribution in the
elliptic nozzle boundary layer has been demonstratcd to modify the dynamics of vortex self-
induction, Prefcrred Mode ferung effectively suppresses vortex merging in the elliptic jet by
drving many laige-scale structures to roll-up ‘ato one larger vortex via the Collective Interaction
inechanism. The three-dimensionally deforming, mutually self-inducting coherent vortex structures
control the large- and small-scale mixing properties of the elliptic jet. T'wo related jet properties, the
the first axs swiiching 4nd mass entrainment, demonstrate increased large-scale mixing
at decreased exit velocity and increased exit temperature. Phase-averaged mean velocity strain rates
visualize the topalogy of the coherent voriex rings and illusirate phase decorrelation of the vortices
dewnstream. The temperature field in the nonhormogeneous elliptic jet displays regions of strong
mixing in the minor axis regicn confirming the existence of asymmetric mixing. These results
reaffirm an excellent correlation between ellipuc vortex ring dynaimics and wieir associated axis
switchings with mass entrainment verifying that the flow is indeed driven by azimuthally deforming,
self-inducting elliptic vortices.

The simall-scale topology of the elliptic jet has been investigated by th2 Peak-Valley-Counting
method and the smali-scale mixing region 15 asymmetrically distributed with maxima occurring in
the minor axis region. The small-scale production regions correlate with the du/dz velocity strain rate
ficld— the miinor axis vorticity field. Small scales are concentrated within the cores of the large-scale
vortices and peak between the first and second vortex merging over the range of Reynolds numbers
studied from 2410% - 1.3x10°, Small-scale activity is decreased downstream of this location dve to
decaving flow conditions. Acoustic forcing at the Preferred Mode severely deforms the large scales
‘nducing larger spreading of the mean flow field and 25% increased sm: ‘l-scale levels aver the
natural case. The most probable frequency associated with the viscous-dominated small scales vares
linearly with the Reynolds number, but it is independent of initial frequency content.

2:1 aspsct-ratio eil:ptic jets appear by many accounts to be very promising improvements over

axisymmetric jet configurations because of their enhanced mixing characterstics. The mechanism of




vortex self-induction, which is influenced by nozzle geometry, Reynolds number aud aeunsity ratio,
~nhances iarge scale mixing more efficiendy than vortex merging and it is the dominznt smail-scale
production mechanism in the elliptic jet. The vortex self-induction mechanism is the principic
raeans responsible for large scale mixing and small-scale production, therefore, bulk entrainment
processes ang fine-scale mixing necessary in combustine systems are. controllable via this
mechanism.

Research Assistant: 'Thamas Austin

PH.D. THESIS
1. “Small Scale Topology of a 2:1 Aspece-Rativ Elfiptic Jer,” T. Ausun, 1992.

PUBLICATIONS

1. Austin, T “Temperature Measurements i a Heated Ellipaic jet,” A.LLA.A. 6th Annual Region VI
Student Conference, 1986,

2. Austin, T, Ho, C.M. “Temperature Effecis on Entrairiment of an Elliptic Jet,” Bulletin of the
American Physical Sociery, 1988, 33: 2237.

3. do, C.M,, Austin, T. “Entrainment. of Asymmetric Jets,” Procecedings of Research on Turbulencs
A F.O.5R. Conuactor's Meeting, 1988.

4. Ho, C.M,, Ausun, T\ & J. “Hertzberg Entrainment of 3-D Shear Layers,” Proceedings of The
Fourth Asian Congress of Fluid Mechanics, 1939.

S. Austin, T, S. Schreck “Planar Imaging of a heated Elliptic Jet,” Proceedings of The Westemn
States Section of The Combustion Insttute 1990 Fail Meeting, 1996.

6. Austin, T, Ho, C.M. “Controlled Small-Scale Mixing in a 2:1 Aspect-Ratio Elliptic Nozzle,”
paper 91-81, The Westermn States Section of The Combustion Institute 199i Fall Meeting.

7. Austin, T, Ho, C.M. “Small Scale Topology of a 2:1 Aspect-Ratio Elliptic Jet,” Bulletin of ire
American Physical Socicsy, 1991 30: 2710.

8. Austin, T, Ho, C.M. “Controlled Entrainment in a 2:1 Aspect-Ratio Subscnic Elliptic Nozzle,”
paper 92-0537, 30th A.ILA.A. Aeraspace Sciences Meeung, 1992.

9. Austin, T. “Three-Dimensional Portraiture of the Turbulent Topology of a Subsonic Elliptic
Nozzle,” 1st Anrnual Scientific & Enginecring Applications fMacintesh Conference, 1992,

FOOTNOTES

1. Ho, C. M., Guumark, E. “Vortex Induction and mass entrainment in a small-aspect ratio elliptic
jet” Journal of Fluid Mechnics, 1987, 179: 383-405

2. Ho, C.M, Austin, T. “Enuainment of Asyninetric Jets” A.F.0.S.R. Turbulence Research
Contracto:’s Mecting, 1983.

3. Schadow, K., Gutmark, E. “Review of Passive Shear-Flow Control Research for
Improved Subsonic and Supersonic Combustion” AIAA paper. 1989, §9-2786.

4. Hertzberg, J., Ho, C.M. “Time averaged 3d flow in a rectangular sudden expansion” AIAA paper,




Jan, 1991, 91-0040.

5. Schadow, K., Wilson, K., Lee, M., Gutmark, E. “Enhancement of Mixing in Ducted Rockets with
Elliptc Gas-Generator Nozzles” AIAA paper, 1984, 84-1260.

6. Winant, C., Browand, F. “Vortex pairing: the mechanism of turbulent mixing layer growth at
moderate Reynolds number” Josrnal of Fluid Mechkanses, 1974, 63: 237-255.

7. Austin, T. “Three-Dimensional Portraiture of the Turbulent Topology of a Subsonic Elliptic
Nozzle” 1st Annual Scientific & Engineering Applications Macintosh Conference, 1992,

8. Ho, C. M, Zohar, Y., “The dissipation length scale of turbulent shear flows” Jourmal of Flusd
Mechanics, 1993, to be published.

9. Ho, C. M., Huang, L. “Subharmonics and vortex merging in mixing layers” Josrmal of Flusd
Mechanics, 1982, 119: 443-473,

10. Austin, T., Ho, C.M. “Controlled Small-Scale Mixing in a 2:1 Aspect-Ratio Elliptic Nozzle”
paper 91-81, Western States Section of The Combustion Institute 1991 Fall Meeting,

11, Austin, T., Ho, C.M. “Controlled Entrainmentin a 2:1 Aspect—Ratio Subsonic Elliptic Nozzle”
naper 92-0537, 30th A.LLA.A. Acrospace Sciences Meeting, 1992.

12. Krothapalli, A., Baganoff, D., Karamcheti, K. “On the Mixing of a Rectangular Jet” Journal of
Flutd Mechanics, 1981, 107: 201-220.

13. Koshigoe, S., Ho, C.M,, Tubis, A. “Application of a generalized shooting method to the linear
tastability analysis of elliptic core jets” AIAA paper, Oct. 1987, 87-2733.

14, Michalke, A. “On spatially growing disturbances in an inviscid shear layer” Journal of Fluid
Mechanics, 1965, 23; 521.544,

15. Ashurst, W., Meiburg, E. “Three-dimensional shear layers via vortex dynamics” Journal of Flusd
Mechanics, 1988, 189: 87-116,

16. Zohar, Y., Foss, ]., Ho, C.M., Buell, J. “Phase decotrelation of coherent structures in a free shear
layer” Journal of Fluid Meckanses, 1991 230; 319-337.

17. Austn, T., Ho, C.M. “Temperature Effects on Entrainment of an Elliptic Jet” Bullerin of the
American Physica! Sociery, 1988, 33: 2237,

18. Austin, T, S, Schreck “Planar Imaging of a heated Elliptic Jet” Procecdings of The Western
States Section of The Cembustion Institute 1990 Fall Meeting, 1930.

19. Austin, T, Ho, C.M. “Small Scale Topology of a 2:1 Aspect-Ratio Elliptic Jet” Bulletin of ike
American Physical Socsety, Vol. 36, p. 2710, 1991.

20. Gutmark, E., Pamr, T, Hanson-Parr D., Schadow, K. “Coherent and random structure in reacting
jets” Experiments tn Fluids, 1990, vol. 10, pp. 147-156.




EY 3
Subsonic Jet Entrainment Rutiog
Asgymmetric Jet Axis Switcking Location Revnolds Number and Density Katio ~ffects
60 T l 1.5(" T Y T T Y T o ——— :
; ~—#&— elliptic jet: u=43 m/s T=128 C :
I | —#— elliptic jet: u=84 mis T=153 C .
50 — e "-F -+ ellipiic jet: u=29 m/s T=30 C / s 3
. L--"0 . 7} - =&~ eiliptic jet: u=71 mvs T=30 C Zd i
0o - || -~ & - circu'ar jet: U=46 /s T=116 C - 2l
w0 L~ i -t~ circular jet: U=62 mjs T-3¢ C P . q
e | o 1 7] — 1 2-D jet: UatB8 m/s T=30 C // —=
_5_ r : g 7 - ~—
o —® - 2:1 nonhomogeneous elliptic jet ) — P
> 30 —— 2:1 homageneous elliptic jet C:o' - !
: - {F 16.7:1 rectangular jeq R ) R oo
gular | — ' o . /z‘ . _ 3
20 e 0.5 /::, . . -
S e - - " A H
— R —— Z2 ——— R IT T
10 T L LR T
P ol = e b -
» = —— e ] — 7‘i - U LA
0 L—ro S 2 ,“--/';'.i% G n ] ] L o |
20,00¢ 40,000 60,000 80,000 100,09 120,000
0 1 2 K 4 3 [} 7 8
ReD/I" x,ia
T .
Figure 1. Figure 2.
MEAN VELOUTTY FIELD ME VE .
Uy~ 20mla case AN ;LOC'ITY TIELD
U, = 20 mi/e Preferved Mode forsed cass
Yaul3 (xhy = 8)
a2 (xfhp < 1.35)
e . 2
Pty dux4 (xfly = 13.5)
{@\ 12 xa=d (:/Ag=2.17)
@ ) b , _
T
= |
1 \:4’{’// 13 23
18 -3 A3 7} A& B i
oy L
<
s
{ x|
—_— ¥4 =6 (g = 3.26) -
98 a4 a7 15 2 %V -Q.i'J |
G B s 8 2 o7 15
I i 29
x/amB ( -2 — T
SRR "3-0“ 3 { /‘,,—-,.....-— v Won8 (xfhy » 434)
y { {’ e S B SR TR ¥ RREY S 2
§ l { Q____“/j 3 M‘"{ - B
S e
e e ~
—~ ET] P
\ . —— 13 / \__\/‘“'\\ \
i 3 { -l t
) ) 1 K R 1D } '/
' '
/)} 1 B3 a8 4z us 12 20 4"“. //\ ? 2 ,Z i ﬂ\ \
188 B ~ )
/'/: 1.4 \ _:_::-—11 | J |
2 — o \k__:f'—j::::;d J
‘l“"‘-_——
-8 T T
| <
- - L
. rd
Figure . ere
gure 3{a) Figute 3(b).



Smaul stute sotivity per lucal large seala stvucture

xit =25 (xogn8)

Lp~200ds nanwal case

xfa =4 (xhy = 13.5)

43 98 48 47
yia

xla =8 (xhg=27)
2

-13 -1 43 ol

145

13

Smal seals asuvity per local large scale stmcture
U, + 20 m/s Preseaed Moae forced case

Xa =25 (xfhp = 135)

8 9 23 o8 12

x/ax8 (xlgn434)
]

3 o8 13

[

Figure 4(a).

s¢, total forced

ZN“/ N

Figure 4(b).

Total Small Scale Distribution

IU )= 20 m/s Natural and Preferved Mode Forced Cases

- -&- major, forced
- -&- minor, forced
~-=-0- total, forced

—G— major, natural

—<— minor, natural
—O— total, natural

1 ]

8 10




Streamwise Sheur Layer Smail Scale Populanon

Preferred Mode forced case  minor axs
atral ¢33¢ minor axs
L2
i z
z z
ey .
r4 F4
: ' c | —0 - a0 M : : .
: i 02 [ e e
0.2 e Uni mis — ; :
s Und mis, stiving layor R0.64 |
0 ) ' H Q H T ~T
% 12 16 20 2 2B 32 36 49 i 2 3 ¢ 5 6
R x/2 x/a,
T T n 1 " - | T T T -
L} 2 4 & 3 10 12 Q 2 “ 13 a 10
2/a xfa
Figure 6(a). Figure 6(b).
Nawral Case va =4 Wag 2133 Uy = 19 min Prefcrred Mode forveu cise was + Wiy = 207 L= 19 s
pnuse averated sequence phuse tveruged sequence
NN, alligv
P

NN alidv

0.12 0.12
0.25 025
0.40 0.46
0.1 0.51
092 0.92

Figure 7(a).

Figure 7(b).




£ “n

-

SESSION BD: INSTABILITIES OF JETS AND WAKES 1
Svaday morning, 20 November 1988

214 Norton Hall at 11:00

F. W. Roos, presiding

11:00
BD 1

The low-Frouds number wake of floating biuff objects’ G.
Triantatyliou and A. Dimas, MIT - The stability ot tha viscous wake
behind floating blutf objacts is anatyzed. For a fully submerged object,
it is well known that the flow separates and forms a region of
recirculating fiow behind the object; atter a critical Reynolde number,
the flow in the wake becomes absolutely unstahle, and the bubble is
destroyed creating a vortex street. For 2 floating object at ow Froude
numbers, however, it is shown that the instability is of the convective
type for all Jeynolds numbers. As a result, behind floating cbijects the
redirculating flow region remains intact and no vortex street is formed.
This result is ventied experimemally for the flow past a half-submerged
circular cylinder at Reynolds numbar based on the cylinder radius
equal to 25000. The flow is visualized through bubbies, produced by
dropping the pressure in the tunnel. The presence of a region of
stcady recirculating flow is clearty visualized, remmiscent of the flow in
infinite fluid at low Reynolds numbers. it is concluded that, for low
Froude numbiers, the prasence of the free surface has a stabilizing
effect on the wake, suppressing unsteady efferts.

* Work supported by ONR, Contract NOOG 14-87-K-0356

11:13

BD2 Nonlinear Stability of a Viscous Mm_n_q
Jet. J. HORWITZ, S. ROSENBLAT, IL INST Ok T

7he temporal stabllity of a viscous circular jet with
respect to axisymmetric distuzrbancez (s studlsd
First, the Stuart-Watson method is used to study the
weak nonlinear interactions, The Landau constant 1s
positive indicating there s a supercritical Hopf
bifurcation at R=48.3. This method also reveals the
nature of the 2 additional modes arising from the self
interaction of the fundaaental and provides a baais for
studying the wmore strongly nonlinear interactions.
Finaily, a truncated Pourler-eigenfunction expansion
leads to a system of S o.d.e.'s. Numerical results
shaw that the periodic solution appearing at 58.1 is
atable when R<76.2. Therz is 3 secondary bifurcation
at R=76.2 to a quasiperiodic solution with 3
incommensurate frequencies which ends in a hosoclinic
orbit at R=79.5. A gearch for solutions when R>79.5
results in only unbounde, ones indicating limitations
of this madel,

*Sypported by APOSR Grant 86-0165

11:26

BD3  Instability {n a Yortex Jet at High Reynglda
Number, M. R. FOSTER, Qhio State U,--A particualar
slender vortex--a member of a family of exact solutions
found by R. R. Long“--comsists of a ring jet across
which the swirl velocity changes from rigid rotatinn to
a potential wvortex. Such a structure occurs when the
the axial flux of axial mowentua {s mich larger than the
axial flux of angular momentuam.
comparable te tha vortex width, the instability at
infinite Reynolds number 1s governed by sinuous and
varicose Bickley modes. Long-wave Instabilities, how-
ever, involve the three-dimensionality of the vortex,
arid so deviate from tha Bicklesy modes. Modifications of
the these long-wave lisiscid modes at large but finice
Raynolds number ave presented. Bscaure tha exact vortax
soiution has radial valocicy larger thar 1/Re, such
viscous corractions to the inertial podes are navar
solutions of a parallel-flow equation.

llong, R. R., J. Fluid Mech. 11, 611 (1961)

Vol. 33, No. 10 (1988)

At axial wave langths.
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11:39

BD 4 Heated jetas are different. D.W. BECHERT, B.
LEAMANN, B. BARSIKOW¥, DFVLR Berlin, F.R.G., and
P.an, MONKEWITZ, U.C.L.A., Los Angeles, U.S.A.—Heated
axisymmetric jets are investigatsd (t=150-400°C,
Reaz5°103-10%), The absolute instability causes
dramatic changes: (i} The sapectrum of the fluctua-
tions changes from broad hand of a cold- jet to a line
apectrum of a heated jet az predicted. A regular
vortex ring structure appears. (ii) atrong planar
quasi-steady side jets occur. These side jets distort
the cross section towards a
atar-ghaped structure with 2-6
lobea. Spreading rate and mix-
ing are enhanced dramatically
by the side jeta. The aide jetin
are congidered to be caused by
a lobe~like inetability of the
ring vortices. Thus, gide jaots
can be generawed aloo in a
forced cold jet.

*supported Dy 1BCFLAM

11:52

BDS Energv Budger for Atomization*

B. CREIGHTON and S.P. LIN, Clarkson University.—-** An equatdon
of mechanical energy balance in a viscous liquid jet is derived.
Numerical evaluations of each term involved in the equation reveal
that the work by the fluctuating ambient gas pressure is responsible
for the convective inswbility in the atomization mode.
Atomization is a process of breaking up a jet into small droplets of
sizes much smaller than the jet diameter. The ztomization mede is
distnct from the Rayleigh mode for which the capillary pinching 1s
responsible for the instabilry.

* Submitted by S.P. LIN
** Supported by ARQ DAAL03-86-K-0072

SESSION BD: INSTABILITIES OF JETS AND WAKES [
Sunday morning, 20 November 1988

214 Norton Hall at 11:00

F, W, Roos, presiding

U0

BE | Influence of Turbulence on Instability Pressure
Waves in an Axi etric Jet . J. H. MILES and
G. RAMAN” NASA Lewis Research Center, Cleveland,
QH. —-The influence of turbalence due to a circular grid
on shear layer instability pressure waves is nvestigated.
Auto- spectra, transfer-function, and colerence measure-
ments are made to investigate instability pressure waves
in a 8.89-cm diameter jet for an untripped initial condi-
tion, an initial cendition due to 2. trip ring, and an initial
condition due to a circular grid. The transfer-function
and the coherence ai> measured with a pair of micro-
phones at the same distance from the jet centerline but
separated axially by 5.08-cn.

*Sverdrup Techuology, Inc.

11:13

BE 2 Temperature Effect on Entrainment of an
Elllgtlcal Jet, NISI‘IN TOM & HO, CHIH-MING,
Univ. 50. Calif.*--Previocus studies on an ellip-
tical jet having an aspect ratio of 2.1 have
revealed a phenomenal difference of as much as
500% increased entraimment compared to an or~
dinary circular jet. Presently we ara examin-
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ing the effects of temperature on the develop-
ment of a iet. Preliminary studies of the el-
liptical jet at exit temperatures up to 250 C
have shown a further increase of 30% in the el-
liptical jet's entrainment rate over the un-
heated case. We will measure the jet's mean
and fluctuating temperature field along with
its associated velocity components by means of
a combined hot-wire and cold-wire probe. A cor-
relation will be deduced to determine the sig-
nificance that temperature has upon an ellipti-

‘cal jet's inherent entrainment.

*Su.pported by the AFOSR Grant No. F49620-85-C-
0080,

11:26

BE3 Dyuamics of Turhulent Jets near 3 Free
Surface.* K. Madnia and L.P. Bernal, Uniy., of
Michigan.-- The interaction of the .free surface
with a turbulent round underwater jet has been
studied experimentally. Hot f£ilm axial velocity
measuremencs were conducted to ctudy the effect
of the free surface on the jet turbulence. Mean
and rms values of the velocity fluctuation were
measured along directions parallel and
perpendicular to the surface for several jet
depths. The jet flow structure is altered by the
interaction with the free surface. The veiocitw
profiles show an increase of the maximum mearn
velocity compared to the free jet. The jJet
growth rate in the direction parallel to the
free surface is larger by a factor of 1.4
compared to the growth in the direction
perpendicular to the surface. Simultaneocus
measurements of the surface curvature and the
jet axial velocity are being conducted ©o gaia
additional insight on the mechanisms of
generation of surface waves and motions by the
jet turbulence.

*Supported by ONR,Contract no.N000184-86~K-0684.

11:39
BE4 xcitation of a i ic Jet at
Fundamental and Sub)| uencies G. RAMAN®*
and E. J. RICE NASA Lewis Rescarch Center. Cleve-
land, OH. -~ The axisymmetric jet mixing laysr can
be controlled by generating resonant interactions, such
as the resonance between a fundamental wave and its
sabharmumic. Experiments were performed at a Mach
number of 0.45 with fundamental and subburmonic exci-
tations at Strouhal numbers of 0.4 and 0.2 respectively.
The injtial phase diffeyence between the two excitation
components was varied at iptervals of 45 deygreen for one
full cycle of the fundamentsl, The fundamental velocity
excitation level was equal to 7 percent of the jet exit ve-
locity and the ratio of fundamental/subharmuonic was 15.
Phase averuged coherent velocities were recorded at the
two frequencies along the jet centerline. At certain val-
ues of the initial piiase difference the growth of the sub-
harmonic was significautly augmented, while the growth
of the fundamental remained unaffected. Mean velocity
measurements along the jet centerline showed that the
icitial phase differeuce which produced the largest sub-
harmonic augmentation also produced the highest cen-
terline mean velocity decay rate.

*Sverdrup Technology, Inc.

11:52

BE S Effect of Dual-Mode Excitation on Jet
Enmainwent.*  PJ. Juvet and W.C. Reynolds Stanford
University. - Round jets subject 1o dual-mede dual-frequency
acoustic excitation have been shown to spread more 12pidly
than npatural jets. When the rado of symmetric to helical
cxcitation frequencies is a non-integer, the jet blooms and
sends vortex rings in all directions. Blooming occurs in both

Vol. 33, No. 10 (1988)

free and shrouded jets (cjectors or thrust augmentors). Hot-wire
measurements were made at the exit of a shrouded jet at Re of
100,000. The mean velocity profiles show a significant
increase of entrainment for the shrouded blooming jet
compared to the shrouded natural jet. The jet response to
different amplitudes cf both the axial and the helical exciradon
is docwnented by vsiocity and temperaturc profiles. Flow
visualization reveal: the robust nature of the shrouded
blooming jet.

*Work supported by AFOSR Contract F49620-86-K-0020.

SESSION BF: TURBULENCE—MODELING I
Sunday morning, 20 November 1988

110 Knox Hall at 11:90

P. S. Bernard, presiding

11:00

BF 1 Seco 1d order modeling of low Reynolds number turb-
vlence near walls, T.H.SHIH ter for Turbulence Research
and N.N. MANSOUR NASA-Amss. A set of second order clo-
sure models for low-Reynolds number turbulence is proposed for
the simulation of wall bounded flows without using wal! func-
tions. The wall -effect is built in the pressure- -strain correlation
term of the Revnolds-stress equation and in the modeled terms
of the dissipation rate equation. We find that realizahility is
partuicularly important for modeling the near wall turbulence.
and 1s used 1 the present models to ensure that the modeled
equations will have no unphysical behavior near the wall. The
present medels are particularly suitable for serfaces of arbitrary
topolugy since they do not use the wall distance as a parame-
ter. The models are tested by computing the fully developed
channe] flow. The full set of equations are used to compute the
mean velocity, all the Reynolds stresses and the dissipation rate
of the turbulent kinetic energy. We find reasonable agreement
between the predictions and the data for a fully-developed tur-
bulent channel flow.

11:13
BF2 Turbulence Modeling in _Rotating Pranes of

Reference. C.G. SPEZIALE, ICASE-NASA Langley Research

Center, —The effect of an arbitrary, time~dcpendent
change of frame on the structure of turbulence models is
examined from a basic theoretical standpoint. It 48
proven from rthe Navier-Stokes equations that turbulence
mcdels must be form invariant under arbitrary trans—
lationai accelerations of the reference frame. Mare
importantly, it {s shown that turbulence models should
only be affected by rotations of the reference frame
through the intrinsic mwean vorticity—a rotational
dependence that wust vanish {f the flow becozes two
dimensional (the constraint referred to as material
frame—-indifference in the 1imit of two~dimensional
turbulence). A direct application of these invariance
properties along with the Taylor~Proudman Theorem and
Rapid Distortion Theory are shown to yield powerful
constrainrs on the allowable form of turbulence models
which are seriously violated by most of the commonly
used models. Alternative turbulence models with im—
proved properties in rotating frames are developed and
some simple applications are considered.

*Pattially supported by ONR Contract NOOO14~85-K~0238

11:26
BF 3 Analysis of Turbulent Flows by a Thermodynamically

Consistent Rate-depeadent Model. 5.J. CHOWDHURY and

2238
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p to ten percent exists for the ribiet-mounted wall in comparison with
the smooth wall of the channcl. For the first ume, we present detailed
turbulent statistics in a complex geometry. These results are in excellent
agreement with availabic experimental data and provide a quantitadve
picure of the drag reduction mechanism of the riblats. :

Work supported by NSF.

16:34

A . ical. Simulati £ Two-Di ] icos®.
DANIEL C. CHAN, Universi 13 -~ We used a
pscudo-spectral method o simulate the inteructions of two-dimensional
vortices inside a spatially periadic square domain, which was initially
filled with an array of 6x6 counter-rowuting vortices. Reynolds
numbers, based on the diameter and rotational spaed of the vortices, of
100, 1,000 and 10,000 were used, respectively in conjunction with
1024x1024 collocation points. Temporal integration equal to
approximately 50 large 2ddy wmover time was performed.  Vorex
pairing was observed at Reynolds number of 100. TFor Reynolds
numbers which were higher than 1000, turbulent flow field was
generated by tic onset of hydrodynamic instability and inverse
cascading was observed in the later stage of the interactions, The siope
of the energy spectrum at the inertial subrange changed with time and in
some instances, the theoretical value of -3 was predicied.

*work supervised by Prof. Tony Maxworthy and J.A. Domaradzki

16:47 .
J& 5 Diregt Numerica! Simularion of 3 Turbulent Boundary Layer
with Heat Trangfer? D.M. BELL, J.1L FERZIGER, Stanford Univ., P.
R. SPALART, Boeing.--- The unsicady, three-dimensional,
incompressibie Na-ict-Stwokes equations, and the passive scalar form of
the encrgy equation, are solved numerically for the sparially-developing
flat-platc boundary layer. The solution for several Prandtl numbers is
computed simultaneously with a cingle flew field solutioi. Resuits have
been obtained for monenmm thickness Reynolds nembers 300 < Reg «
. 700, and Pr = 0.1, 0.71, and 2.0. The computed mean profiles, integral
quantities and turbulence quantitics agree very well with experiments,
The results also support the Reynolds analogy for Pr = (.7 and 2.0, but
not for Pr =0.1, at these Reynolds numbess.

=This work is supported with funding from Wright Patterson and NAS.

17:00
JAG6 Large Scale Stuciures ip Periodically Forved 2-D Flows. B.
NICOLAENKO, Arizona Suue Uniy., Z.5. SHE. Princaton Uniy. —
The dynamics of large scale structures in 2-D flow, is related 0 both
ensrophy cascade and inverse energy cascade. We present results from
large-scale simuiations of 2-D generalized Kolmogorov fluws at Re ~
10,000, These aic {orced flows with shear instabilitics, with a force
periodicaily modulated in space. Specific forces considered are i)
anisotropic forces with 2 single large-scale Fourier wave-vector
component, and ii) isotropic forces with a sandom Fourier wave vector
distributions on a fixed spherical shell. Both cases arc simulated with
and without stochastic noise. The anistropic casc is cheracterized by
siyong competing dynamics between large-scale rotaring coherent
vortices and Saffman vonex sheers. The local shearing ¢ffects resyit in
localized enstrophy cascades, which we demonstate as a wave-like
propagation of enstrophy toward small scales. The isowropic case
-exhibits large-scale structures in the sareamline patterns, with some

evidence of mverse eaergy cascade, whereas vorticity remains turbulent

at smali scales.

17:13
JAT
Channel. A. HUSER and S. BIRINGEN, Unjv. of Colormdo-Boulder.
— A swdy for generating an accuvate descripdon of a fully developed,
low Reynolds number, anisotropic turbulent flow in a square channel is
presented, The nurnerical scheme employs & ume-splitting method 1o
integratr the full Navier-Stokes equadons using spectral/finite ditfurence
discivtizaton on a staggered mesh.

Tinu« averaged results are compared with the available experimental
results. Higher order correlanions are presented with emphasis on the
behavior of the Reynolds suress and the dissiparion rate tudgets along

. Lo .

" Vol. 36, No. 10 (1591)

the two intersecting walls. These results are used to investgate
anisotropiz turbulence models and boundary-conditions for modeling af
such flows. The voriex dynamics responsible for generation of the
sccondary flow are discussed.

SESSION JB: TURBULENT JETS ITI
Tuesday afternoon, 26 November 1991
Grande Ballroom B at 15:55

J. G. Brasseur, presiding

15:55

JB1 Swnall-Scale Topology of a 2:1 Aspect-Ratio Elliptic Jet,
THOMAS AUSTIN and HO, CHIH-MING, Uniy. So. Calif.--The
small-scale topology of 2 homogeneous, subsonic elliptic jst is
investigated for the purpose of controlling small-scale transition and,
uldmanwly, fine-scale mixing. The length scale of the small structurss
responsible for ~nergy dissipatien is found to be larger than the
Kolmogorov scals and smaller than the Taylor microscale. The
streamwise velocity fluctuations are measured withih the first ten jet exit
diameters in the shear layer over the range, Rege 3x1M-1.7x10°. The
data is analyzed by the Peak-Yalley-Counting mcthod, which yields
population distributions and iength scales of the small-scale activity.
The flow will be actively controlied by acoustic forcing ar the jet exit to
increase small-scale production and enhance fine-scale mixing.

Supported by AFQSR Grant No. 90-0301.

16:08
JB2 InstantaneQus i ixli
DUNSKY & C.F. EDWARDS, Sand:a_National Laborarories
instantanzous spatial structure of a confined swirling flow duwnso
various throat geomerrics is investigated via transient planar Mie sc:
imaging. The flow corresponds to the cold flow conditions in the
axisymmetric optical access research furnace. This furnace is used for su
swirl-stabilized combusting sprays, and has an octagonal cross sectic
area-equivaient diameter of 58.5 cm, and throat diameters ranging from J
cm. Previous LDV studics indicate that typical time-averaged ax
tangential velocity components in the wrbulent flow are 10 and
respectively. The planar Mie scantering technique allows for unamt
visualization of flow structure by slicing through the flow with a thin
laser light sheet at various locations in the axiafradial and radial/az
planes. Typical images obtained in a diaruetral plane of the flow
structures of vanous scales not resolved by time-averaged measureme)
suggest that a vorticity description may be appropriate for characteriz
type of flow.

16.21
JB3

Subsogic Jcts

KROTHAPALLL, . -— Recent
studies in low-speed jeis! indicate thar mixing and entrainment can be
cffectively controlled by establishing coun.ercurrent mixing in the jei
shear layers; countercurrent mixing is created by appiying suction
around the jei periphery. In the present investigation the effect of
suction (velocity ratio) on jet mixing is examined in a subsonic circular
Jet up to a Mach number of umty. In addition, experiments were
performed at density ratios Pjer/Pambient between 0.5 and 1 by hearing
the jet. The experiments were designed to map the mixing properties of
the jet in dhe velocity-ratio/density-matio plane at several subsonic Mach
numbers. Measurements reveal that above a critical velocity ratio the jet
mixing can be significantly enhanced. This enhancement is due to a
strong forcing of the jet at supercritical velocity ratios, which we believe
is related to the absolutely unstable naune of the velocity profiles in the
near field of the jet. '

The Eff C Velogi { Density Ragi he Mixi £
i. PJ. STRYKOWSKI, Univ,_of Minnesota, and A.
Florida A&M Univ. & Florida S Ini

1Strykowski, P.J. & Niccum, D.L. 1991 J. Fluid Mech. 227, 309-
343,

16:34
JB 4 iffusion at High Schmidt Numbers in
: .JR. SAYLOR & K.R. SREENIYASAN, Yalc
U. — Two-dimensional laser induced fluorescence imaging was used to
determine whether differcrces in the molecular diffusivity of passive

2710
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ENTRAINMENT OF ASYMMETRIC JETS

AFQOSR GONTRACT NO. F49620-82-K~-0018

Chih-Ming Ho and Thamas Austin

Department of Aerospace Engineering
University of Southern California
Los Angeles, California 90089-1131

SUMMARY

The control of mass transfer between two streams of fluids is an important technological
probiem in turbulence research. Ho and Gutmark [1987] found that a small aspect ratio
elliptic jet can entrain approximately five times more mass as compared with a circular
jet. This efficient passive contro! technique was due to a new entrainment mechanism -
unsteady deformation of vortical structures caused by self-induction. In this presentation,
W sumiiidrize some recent stwudies in this area.

TECHNICAL DISCUSSIONS

Homageneous Elliptic Jet:

In many engineering devices, the efficiency will be much improved, if the mass transfer in
the transverse direction can be increased. The large vortical structures are responsible
for enguifing fluids from both streams and mix them in the shear region. In a two-—
dimensional flow, the coalescensa 07 ihese structures was identified to he the main
entrainment mezhanism [Winant and Browand 1974].

Ho and Gutmark (1982, 1987] found that an elliptic jet can entrain several times more fluid
than a two-dimensional jet, either a circular or @ plane jet [Fig. 1] More importantly, they
identified a_new mechanism. other than vortex maerging, for mass transfer. Tha_self-
induction_of an_elliptic vortex_ring will make the structure switch its axis orientation. The
vortex element near the mingr axis moves outward and the vortex near the major axis
moves toward the jet axis. This process makes a large amount of ambient fluid move
into the jet near the original minor axis region.

Hot Elliptic Jet:

One of the main applications of entrainment enhancement is t0 improve the efficiency of
combustion. The high temperature gradient between the ambient cold fiuid and the hot
combustion jet will certainly maodify the vorticity distribution of the coherent structures.
Hence the self-induction will also be affected. In order to examine the tamperature
effects on the entrainment, we installed electric heaters in the elliptic jet and can heat the
jet upto 500° F. In this way, we can isolate the influences of the temperature and the
chemical reaction on the vortex deformation.




The entrainment rate of the hot jet was found to be about 25% above the coid elliptic jet
[Fig. 21 Apparently, the axi,-switching must be modified by the temperature gradient,
Based upon the time averaged velocity profiles, we found that the switching position is
changed [Fig. 3). The reasons for the changes of switching position and the maore
efficient mass entrainment are not clear yet. However, it is cbvious that a fundamental
understanding of this process will lead to further development of the entrainment contro!
techniques.

Elliptic Jet with Combustion:

The advantages of using an elliptic jet in combustion is aisa phenomenal. Schadow et al.
[1984] used a 3:1 elliptical nozzie in a premixed jet flame. Tiey found that the centerline
temperature increased sharply a short distance from the elliptic nozzie. At end of the
test section, the temperature was much higher than that of a circular jet [Fig. 4]. By
using some other asymmertric nozzies, they were not only able to increase the
combustion efficiency but also minimize the combustion instability.

Supersonic Asymmetric Jet:

The spreading rate of a supersonic shear layer is much slower than that of a subsonic
flow. Obviously, the combustion efficiency of supersonic flame is hindered much by the
low mixing rate. This is the most pressing problem in developing a hyperscnic aircraft.
tn a preliminary experiment, we found that by using the small aspect rectangular nozzie it
was possible to enhance the entrainment as it did in the subsonic flow. Fig. 5 shows the
spreading of several shear lavers, The M = 2.4 flows sgraad siower than the M = 0.8
flows. However, the improvement of the rectangular nozzie over the circular nozzle is
about the same for both supersonic and subsonic jets in the far downstream locations. In
the near field, we did not measure the mass flow rate, but the variations of the cross-
section area ratios are similar for supersoni¢ and subsonic cases [Fig. 6] Hence, we
expect that the supersonic rectangular jet will entrain much more mass than that of a
supersonic¢ circular jet in the region near the nozzle.
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ABSTRACT In engineering devices involving chemical reaction,
it is important to be able to control the mass transfer between
two streams of fluids. Ho and Gutmark [1l] used a small aspect
ratio elliptic Jjet which can significantly enhance the
entrainment. This efficient passive control technique is due to
the unsteady deformation of 3-D vortical structures caused by
self-induction.

1l.Passive and Active Control of Free Shear Layers

The possibility of controlling the mass transfer in the
transverse direction of a shear layer 1s important in improving
the efficiency of devices with chemical reaction. In a
two-dimensional flow, the coalescense of the wvortical
structures in the shear layer was identified to be the main
entrainment mechanism [2]. If the vortex merging 1s
prohibited, the growth of the mixing layer is stopped or even
decreased [3]. ©On the other hand, if the shear layer is
actively perturbed by the subharmonics of the most amplified
frequency, multiple vortices will merge simultanecusly [4].
The growth of the shear layer is increased.

The spatial development of the shear layer is extremely
sensitive to the initial perturbations or the boundary
conditions. The alternative approach of controlling the
enhancement is to change the upstream boundary condition of the
shear layer. Ho and Gutmark [1, 5] fouad that a jet with an
elliptic nozzle can entrain much more fluid than that of a

circular or a plane jet [Fig. 1]. This passive control method
is even more advantageous for engineering applications, because
ne delicate forcing arrangement is required. More importantly,

they identified a new entrainment mechanism; the self-induction
of an elliptic vortex ring makes the structure switch its axis
orientation, the vortex element near the minor axis moves
cutward and makes a lerge amount of ambient fluid meve into the
Jet near the minor axis region. This concept can be
generalized and used in other flow configurations, such as
combustion chamber.

2.applications in Combustion

The ramjet is a device which <c¢an be benifited by the
entrianment contol technique. There is a short distance from
the flame holder teo the exhaust nozzle. Combustion needs to be
accomplished during a short residence time and combustion




instability has been a troublesome problem. The advantages of
using an elliptic Jjet in the ramjet has been shown to be

phenomenal. Schadow et al. [6] used a 3:1 elliptical nozzle
in a jet with combustion. They found that the centerline
temperature increased sharply a short distance frem the

elliptic nozzle. At the ernd of the jet potential c¢ore, the
temperature
was much higher than that of a circular jet [Fig. 27].

The combustion 1instability problen was alivated by using
another type of asymmetric nozzle. They used a triangular
nozzle and injected fuel near the tips of the triangle [7]. 1In
this wav, the fuel is mixed by the small eddies near the tips
and the larse structures do not trigger the combustion
instability.

3.Superscnic Asymmetric Jez

The spreading rate of a supersonic shear laver 1s much
slower than that of a subsonic tlow and the combus:cion
efficiency of supersonic flame is hindered by the low
mixing rate. Actually, this is the most pressing problem in
developing a hypersonic aircraft. In a preliminary experiment,
we fcund that the small aspect ratio rectangular nozzle could
enhance the entrajinment as it did in the subscnic flow [8].

In general, the superscnic flows cpread sliower than that
of subsconic flows. However, the entrainment improvement of the
rectangular nozzle over the circular nozzle is about the same
for both supersonic and subseonic jets in the far dcwnstrean
locations. Near the Nozzle, the variations of the
cross-section area ratios, indicating the shear laver
spreading, are similar for supersonic and subsonic cases.
Hence, we expect that the supersonic rectangular jet will
entrain more mass than that of a supersonic circular jet in the
region near the nozzle.
+.Asvmmetric Jet in Confinement

Most of the combustion 1is taking place inside a confined
space. The entrainment process is very different from a shear
laver 1in the free space. As has been pointed out in our
previous findings [1] the unsteadvy evolution of the vortex
structures can engulf the fluids into the mixing region. We
used a 2:1 aspect ratio rectangular jet in a confined
environment. The deformation of the ~vortical structures was
found to be much more convoluted than those in a free jet.
These deformations are produced by the local 3-D shear layer
and the induction of the 1image vortex. In other words, a
properly designed confinement should be able to facilitate the
mixing process.
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1. Introduction

The study of tucbulent jet shear fliow plays an important rolz in numerous engineering applications. Free and
corfined jets are common devices peesent in mixing processes and the production of thrs. It is therefre desirous m
control mixing, or the transfer of mase, heat and momentum. Combustion is an extremely com. lcated process
involving fiuld dynamics, chemical kinctics and acoustic interzctions, Heat relesse in subsonic and supe.onic chemically
reacting flows is believed to be associated with vortex dynamics in which large scales provide the bulk of mixing
besween the fuel and oxid*zer. Successive interactions among large scales produce smalier scales which in tura give sise
towards Soer mixing and initiate reactions leading to combusion at the molecular kevel. When heat is released in 2
chemically reacting turbulent shear layer the resulting flow is characterized by 1 nonconstant dessity field whose
imposed nonhomogeneity counles the effects of 8uid dynamics o diemisisy. it is imparans © undersand the divectdy
coupled effects that turbule : shear flow and combustion processts have upon each other. Therefore, te control and o
tmprove combustion characteristics ane needs © passively, if not actively, dicect the developmental proozsses of large-
and small-scale structures in shear fiows.

1.3 Fllipelc Jes
A passive method of enbancing the rate of entcainment by as much 2s 500% in subsanic cpen noznde flows has
been obuined by modifying clecular nozde geometry to 2 2:1 aspect-ratio cllipse.” (figure 1) This design offers 2
passive mixing control device and, more importandy, it is more efficient than either 2 conventioral two-dimensional or
axisymro.ric nozzie. Small aspect-ratio clliptic nozzies bave exhibited significantly highier spreading and enteainment




rates providing improved large-scale mixing propertics . This concept has been successfully demounstrated at beth
subsonic? and supersonic conditions,’ in 4 confined dump combustor,’ and in high-temperature ramjet facilities
yielding increased combustion efficiency. _

Toroidal elliptic vortices are shed at the elliptic nozzle exit. They are characterized by varying radii of curvature
such that the section of the ring in the major axis plane with minimum radius of curvature is convected faster
downstream by mature of the Biot-Savart Law of induction than the minor axis section of maximum radius of curvature,
The faster moving section of the major axis section coavects forward 2s it bends inward decreasing its local radius of
curvature until it marches the radius of curvature of the minor axis section which is concurrenty moving outwaids. This
process of self-induciion is the prindple mechanism driving entrzinment in a 2:1 aspecs ~aatio ellipdc jet by mezsurements
whichindiutcasnmchastmtimcsmomqm:inmind:eminoruisthandnemaimmsmgionofaz:laspect—mtio
elliptic jet. The phenomenon of axis switching occurs when the initially eiliptic ring momentarily sustins a circular
configuration followizg a series of downstream distortions. These dynamics which are unique to three-dimensional
nozdes dramatically enhance spreading and mixing in small-aspect ratio elliptic jet Sows.

Recent measurements reveal that initial conditions in three—dimensional jet nozzles profousdly ater the downstream
evolution of the flow. Two prominent features associated with the flow, the location of the first axis switching and mass
entrainment, were found to vary significanty with exit velocity and exit temperature. ‘The location of the first axis
switching of the elliptic vortices increased downstream in direct propoction to the mean exit velocity and in inverse
propordon to the mean exit temperature. Accordingly, measurements of the mass entrainment increased with higher
exit temperatures and decreased with higher exit velocitics. These results ceaffirm the existence of 2 strong ccrrelation
between the dynamics of the elliptic vortex rings and their associated axis switchings with mass entrainment by the
large scales verifying that the flow is driven by self-inducting elliptic vortices®

_'_2 Tho SYvurtrvee nf f_u'cég!ggx
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Turbulent siear flows are now kncwn to be composed of structures of varying dimension and are characterized by
a specific phase coberency.” The process of turbulent mixing begins with the entrainment of ambient fluid into the
flow by either merging or selfinducting Large-scale vortices. In piane mixing tayers® and axisymmerric jet fows’ the
dynamics of vortex merging is responsible for the growth of the turbulent shear layer in both homogeneous flows and
chemically reacting mixing iayers.'® However, in the three-dimensional flow fiekds characteristic uf elliptic jets 2 second
mechanism cused by the self-induction motions of the azimuthally deformed elliptic vortices controls large-scale
mixing. Self-induction is responsible foe the elliptic jet's large 7ate of entrainmeat, and its effect upon the mean flow is
evident in the constant velocity contours at downstream jet cross-sections. (figure 2)

Successive interactions among the energetic, coherent spanwise (or toroédal) and streamwise large-scale structures,




respectively, insidgane the production of smaller, three-dimensional scales withio the cores of the vortices coinciding
with the turbulent transition region."" The onset of small scales convolutes the topology of the large scales thereby
mngwmwwmmnwmgﬂfcd_mmﬂisbmkmdmm smaller homogernieous parcels and
the process concludes at scales below the Kolmogorov microscale where molecular diffusion smears out remaining
* velodity gradients and chemical processes are initiated. The most probable length scale of the small structures lies
between the Kolmogorov microscale and the Taylor microscale and this small scale appears to be responsible for
dissipating most of the kinetic e gy of the mean fiow into heat thereby stetring the mixing process towards completion.
Products of chemical reactions concentrate within the large scales and in particular among the small-scale regions®,
Planar laser induced fluorescence flow visualization of hydroxyl concentrations reveal the existence of combustion
products within vortex cores.™ Therefore, small scale concentrations appear to overiap zones of combustion in
reacting shear kayers and increased small-scale production increases fine-mixing which enhances combustion.

1.3 Excitation Effects

Non-reacting turbulent free shear layers® and combustion processes™ have been shown to be sensitive to the
extemnal excitation corresponding to the initial instability frequency dictating their formation. This fact reinforces the
possibility of indirecty contrelling combustion by the passive and active methods successfully employed in conwolling
coherent structures in non-reacting shear layers. The reasons for controlling combustion are three-fold, to raise the
amount of energy released and increase thrust, to extend Sammbility limits thereby broadening the operational range
and to climinate potentially disastruus combustion instabilities. Zohar has enhanced small-scale production in a plane
mixing layer by forcing at the shear Layer mode plus its first subbarmonic.® (figure 3) Jets are uniquely characterized by
two length scales, their initial momentum thickness an exit diameter. Preferred mode forcing involves acoustic forcing
at the frequency corresponding to 2 constant Strouhal number (nondimensional frequency) based on the exit diameter,
$t,==0.4."" Its global effect on the ensuing shear kyer is to delay vortex merging by driving the creation of larger
structures and isolating the effects of self-induction from vortex pairing in an elliptic jet.

1.4 Hotivation
Operation of hypersonic 2erospace vehicles, the United States Nationai Aetospace Plane and vehicles similar to it,
will require supersonic mixing inside scramjet combustors. Potential benefits arising from the application of elliptic
shaped nozzles include, improved combustion efficiency; the alleviation of combustion instability; subsonic wid supersonic
exhaust noise reduction; vectored thrust for increased aircraft agility; thrust 2ugmenttion ejectors for Vertical/Short
Takeoff or Landing aircraft; zircraft engine infrared signature reduction contributing wwards stealth;'® Laser ejector
pumps; and improved steam ¢jectors in heatactuated beat pumps?.




1 - imporunce of understanding the role of the smaller structures in mixing processes motivates our current
research. In two-dinensional flow, induding plane mixing kayers and axisymmetric jets, the process of vortex merging is
responsible for entrainment and small-scale production. Howerver, in threedimensional flow fields vortex selfinduction
domirnates entrainment. Therefore, it is important to study the effect of self-induction cn the generation of small scales
in elliptic jets. It is proposed to actively excite the flow field by means of acoustic forcing in an attempt to control
small-scale production and improve fine-scale mixing. In this light the small-scale topology of a homogeneous, subsonic
2:1 aspect~ratio elliptic jet is investigated for the purpose of controlling smali-scale transition and, ultimately, fine-scale
mixing. Streamwise velocity fluctuations are measured and analyzed by phase-averaging and Pezak-Valley-Counting
methods in a region four semimajor, 3, axis diameters downstream of the exit where the flow is becoming fully
turbulent,

2. Experimental Procedure
2.1 et Fadility

The experimental subsonic jet facility is driven by multiple centrifugal blowers in parallel and operates at a
maximum exit velocity of 85 m/s bordering the upper limit of incompressibility. The fiow enters an anechoically treated
cylindrical chamber, conzracts into an aluminum stagnaton chamber of constant diameter and naccas through aluminum
honeycomb, aluminum foam, and a series of fine wire mesh screens where the flow ficld becornes more uniform and
less turbulent. An aluminum composite nozzle smoothly contraces to 2 2:1 aspect-ratio elliptical orifice with dimensions
of 2" (major axis, 22) by 1" (minor axis, 2b). (see figure 4).

A small azimuthally symmetric iorcing chamber is machined into the nozzle exit permitting complete circumferential
acoustir forcing of the initial shear layer. (figure 5) Four Realistic 13 speakers with a response range between 100 Hz
and 15 kH~ emit at opposed ends of the major and minoc axes, respectively, at the nogzie exit to perush the fow. The
speakess are powored by a pair of iwo-<channci Carver M-200t 120
synthesized by cither 1 B&K function generator which sends continuous sinewaves, a simpie arbitrary waveform
transmitted by an RC Electronics Waveform Generator or 2 more complicated high~frequency waveform sent via a
1i~channe! Data Translation DT-2814 digital-to-anaiog converter. The acoustic field generated by the azimuthally
positioned speakers was uniform across die span to within 5% of the RMS pressure levels measured by 2 microphone at
the exit.

Turbulent velncity signals containing the signatures of the large and small scales in the shear layer as well as the
irrotational fluctuztions induced intw the quicscent fluid by the passage of the large scales are sampled by two Dantec
55F71 hot-wire probes connected to 2 constant-tempcrature circuit which provides a fla: frequency respoase w0 30 kHz
The sensor consists of 2 0.0001" dizmerter platinum-10% rhodium wire attached to 0.75 mm wide probes mounted on 2




microcomputer coatrolled traverse system translatable in three-dimensions. Hence, small scales larger than the probe
scparation with frequencics smaller than the operating range of the hot-wire circuit are resolvable. This places an
effective upper limi¢ of 50 my/s at the exit upon the operation of the facility. The fuctuating dara is digitized, recorded
and analyzed by a PC AT microcomputer-contrelied analog-digital converters at acquisition rates up to 1 MHz. Final
processing is performed on 2 Macintosh [fx workstation,

2.2 Peak-Valley-Counting Metbod
Mcasurements of longitudinal velocity fluctuations are undertaken throughout a cross-sectional cut orthogonal to

the mean flow four semimajor axis kngths downstream. Every data time record contzined at least 15,000 snall scales
and 2,000 lage sale structures to insure stztistical reliability, The velodity traces contain low-frequency fluctuations
caused by the large-scale structures and higher frequency fluctuations some of which are due to the presence of small
scales. Phasc-averaged data from the second hot-wire provides local farge-scale statistics allowing for the purpeses of
conditional averaging . The Peak-Valley-Counting method developed by Huang™ and Hsizo™ and improved by Zohas®
was used o0 deteet the small-scale structures. This algorithm generames 2 pulse train corresponding to the proper loczi
extrema associated with small-seale fluctuations in a turbulent velocity signai by employing a series of logical conditions.
(Dgure §) The finai iocations of the actual small-scale fluctuations are obiined by discriminating among the ‘peaks’ and
‘valleys’ of the time signal which indudes the removal of false fluctuations, erroncous consecutive maxima (or minima),
analog-digital-converter noise components and random high~frequency noise by incorporating specific amplitude and
temporal threshold levels throughout the five stages of the aigorithm,

3. Results and Discossion
' 3.1nitial Conditions

The small-scale topolugy of the elliptic jet was iavestigated at an exit velocity, U, = 45 m/s, corresponding to 2
Reynolds number based on hydraulic diameter of 10°. Two cases are considered, first the natural fiow and secoad, the
jet excited at its Preferred Mode by forcing at £, = 570 Hz with an amplitude of 1.2% of the frec stream mean veloclty at
the centerline of the jet exit. The initizl momentum thickness, 8, for the unfosesd: case is 0.12 mm corresponding to 2
Reynolds number based on initial momentum thickness of 10°, and increases to 0.33 mm unde foccing,

The shear layer initially rolls-up via the Kelvin-Helmbholtz inswability mechanism into vortices two instability
wavelengths, A, downstream at the trequency corresponding to shear liyer Strouhal number, Sg = f 6U,= 0.017 in
accordance with linear instapility theory.? Tae power spectra obtained from a fast fourier transform analysis of the
initial unfosced flow reveals the initial frequency and its first subharmonic indicacve of vorvex pairing at four A,
downstream, (figures 7a, 7h) Preferred mode foccing effectively suppresses vortex pairing at the fust insability frequency




subharmonic and instead pumps encrgy from the mean fow to form larger more coherent vortices at 570 Hz by the

collective irgeraction process. ™ (figures 7c, 7d) Thesfore, in the forced case only the effects of selfinducton dictate
the evolution of the flow as well as production of the small s=ales.

3.2 Sreamuwise Measurements

The mean centerline velocity distribution with respect to downstream distance illustrates the dramatic effect of
forcing by the decreased length of the potendal core region in the clliptic jet from x/2 = 5 to %2 = 3 and 2 33% smaller
mean velucity further downstream in the turbulent region. (figure 8a) A similar plot of the root-mean-square velocity
shows twice as much fluctuating energy in the ceater of the flow in the transitional region at the end of the potential
core between x/a= 4 to x4 = 7 which also coincides with the region of very large entrainment into the mean flow.
(figure 8b)

Small-scaie populations in the streamwise direction for the unforced case are measured by the Peak-Valley-Counting
method and reveal a similar picture sisilar to the plane mixing layer. (figure 9) The number of small scales increases
sharply from the first vortex merging posidon at Z/A,= £ to the second merging position at /A, = 8 The distribudon
peaks at the third merping position, ¥/Ay= 16, and gradually decreases downstream ~there is no downsiream asymptotic:
plaicaurlike rogion. In ibe case of the piane mixing kayer eaergy is consanty supplicd to the mean flow fom nonzero
velodity regions above and below the shear layer. A turbulent jet with zero co-flow does not receive energy beyond the
exit nozzle and hence the kinetic energy of the flow field, which is imparted to the small-scale structures from the
large-scale structures via an energy cascade fashion, steadily decays downstream and is dissipatzd into heat by the
small scales.

A still unknown nonlinear secondary instability triggers production of small scales within the coces of the spanwise
large scales and may be in part due to complex stretching and tilting process among the large scales. The region of
transition to full turbulence appears to follow the first vortex merging and appeoaching completencss after the second
vurtex merging. Evidence of this is provided by the number of small scales per initial large scale as calculared by the
Peak-Valley-Counting method™ 2, the ~5/3 slope of thie roll-off exponent of the one-dimensional energy spectrum®,
and increased chemical product concentration.™ (figure 10) Hence the location x/a= 4 in the cliiptic jet flow was
qualified for detailed investigation of the smali-scale topology because it is at the third vortex merging location and isa
region approaching fully mrhualent conditions.

3.3 Small-scale Topology
At four semimujor axds lengths downstream the small-scale population densities were mapped out over 2 12 by 12
grid encompassing a Spatua Cross-soction intersecting the entire mean flow. Foliowing symmetry checks only one




quadrant in the flow crass-section is measured, The Peak-Valley-Counting method detects and extracts spatial, temporal
and velodity information associated with the smallscale structures embedded in the coherent large saales yielding
populaticn distributions, leng:h scales and frequencies pertaining to the small-scale activity.

The mean velocity profile across the major and minor axes, respectively, at x/a= 4 show distortions in the profile
when the flow is forced at the Prefierred Mode. These distortions vary with the forcing level and one observes in general
an increase in the jet width resulting in greater spreading of the flow ficld, in the minor zxis in particular. (figure 11)
Density plots overlaid by constant population contours of the number of small scales per local large scale show greatest
concentrations of the small scales in the shear layer of the jet for both cases, (figure 12) The population distribution in
the unforced case appears 'fuller’ with more curvatare than the forced case. In general both contour plots appear
similar in shape and density strongly suggesting that self-induction dynamics govern the evolution of the elliptic jet
rather than the mechanism of vortex merging, The maximum number of small scales per local large scale artains 2 value
of 8.8 in the forced case wnd is 10% greater than the peak of 8.1 in the natural flow. Forcing at the frequency predicied
by linear instability theory™ increases the coherence of the larpe scale structures by phase-ocking them into 2 more
unique frequency and pattern. This would increase the capadity of the large scale structures to contin more smaller
scales as described here. It is interesting o note that for both natural and forced cases the maximum gumber of small
scales are locaicd in the wajor axis region of the shear iayer rather than the minor axis, Previous measurements have
shown that the minor axs region of an elliptic jet flow are characterized by larger spreading rates and consequentdy
entrain more fluid. However, duc w the nature of the unsteadily deforming elliptic vortices which comprise the annular
shear [ayer other cross-sectional further measurements at upstream and downstream streamwise Jocagions ave necessary
before the flow topology can be fully understood.

The volume integral of the population density contours representing the total nus.ber of small-scale structures
throughout the cross-section revealed that the forced case produced 25% fewer total small scaies than the namural case.
This finding is significant because vortex merging has been believed to perform an important role in the evolution of all
turbulent free shear layers, however, now it appears that in the case of the three-dimensional elliptic How field the
dynamics of vortex seli-indution is respoasible for 75% of the small-scale production, As the natural case did produce
25% more small scales than the foroed case one can surmise that the strain rate produced by vortex merging is more
effective in the generation of smali scales than that produced by the self-induction peocess. To increase the production
of small scales ir: an elliptic jet fiow would therefore suggest forcing at the initial instability frequency and its related
subharmonics rather than the Preferred Mode frequency thereby promoting more energetic vortex merging.

Further analysis of the small-scale populations were performed by cxamining slices along the major axis direction
at equivalent minor axis (zb) stations. (figure 13) At first glance it appears that the forced case (f=£,) populations are
similar if not greater than their natural (f=0) counterparts. Careful observation at stations within the shear layer, zb =




0.76 through b = 14, revedl greater population levels near the core of the flow which account for the 25% larger
number of small scales in the natural Aow.

At every station in the measured region the Peak-Valey-Counting method builds up a statistically meaning hi: iogram
of the number of small scales corresponding to a specific frequency associated with tie fluctuations of the small scales.
The small-scale frequency histograms illustrate the exiswence of 2 most probable frequency associated with the small
scales and that it is constant throughout the entire cross-sectional region of the flow. In the current investigation where
the Re,= 10 the most probable frequency of the small scales is 13,900 Hz. Previous measurements reveal the frequency
to increase with Reynolds number. At the center of the flow there is little or no small-scale activity, but at increasing
radially outward locations along the major axis the histogram begins to tzke on a recognizable shape with a discernible
constant peak of the most probable small-scale frequency. Finally at towards the edge of the shear kayer the smal-scale
frequency histograms diminish. (figure 14) The forced case shows similar progression along the major axis with the
same most probable: small-scale frequency. (figure 15) A characteristic small-scale length can be estimated as £,= U Jf, =
1.6 mm, where f, represents the most probable small-scale frequency and coavection velocity is U, = U, X 0.6.

4. Conclusion

Preliminary investigations upon the smail-scale topology of a 2:1 aspect-ratio elliptic jet have been performed by
the Peak-Valley-Courting method. At an exit velocity of 45 m/'s the unforced elliptic jet transitions to full turbulence at
the third vortes merping. Downstream of this location energy dissipation becomes greater than the level of kinetic
energy rennining in the fow. Small scales are distributed mainly within the shear kxyer region and exhibit a preference
towards the majo: zxis region. Acoustic forcing at the Preferred Mode effeciively suppresses vortex merging and isolates
the effects of selfiaduction and causes greater speeading of the mean fiow field. Forcing created 2 25% decrease in ths
smail-saie populations but did not significantly alter the topoloyy of the wrbulent structures. Therefore, the mechanism
of self-induction is more desirable than vortex merging in turbulent jet flows because it is responsible for improved
large-scale mixing and appears to be the dominant mechanism in the production of small scales in the elliptic jet. These
results support the encouraging reports hivoiving elliptic nozzies over circular nozzies in chemically reacting e periments.

Quantitatively, Preferred Mode forcing decreased the number of small scales by 25% thereby reducing the small-scale
mixing process. The peaks of the frequency histograms throughout <he enter region of interest for both natural and
forced cases yielded a most probable small-scale frequency, f, = 13,90 Hz, wanslating into a characteristic small-scale
length, ¢, = 1.6 mm. Therefore the scale of fine turbulence is unchanged by forcing and i is constant at 2 given
Reynolds number similar to the Taylor and Kolmogorov microscales.

2:1 aspect-ratio elliptic jets appear by many accounts o be very promising improvements over axisymmetric jet




configurations because of their enhanced large-scale and small-scale mizing characterisics. Further invesiigation of the
wopology of the small-scale structures and the mechanism governing their formation by the seifinteracting large-scale
structures will significanty aid in the understanding of controlling and incre2s'ng production of the small scales. This
endeavor will promote an undersanding of the effects of fine-scale mixing whick is essentzl to subsonic and supessonic
‘combustion processes.

This work is supported by the Air Foree Office of Scientific Research under Grant No. AFOSR-90-0301
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Peak-ValleyuCounting Method
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The pulse train of peaks and valleys after the:
(@) 1st, (b) 2nd, (c) 3rd, (d) 4th and (e) 5th stage of the PVC algorithm.

Figure 6.
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Small Scale Population
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Abstract

The turbulent flow of a heated subsonic elliptic jet
of 2:1 aspect ratio was studied experimentally. The flow
structure was visualized using planar imaging by a
focusing schlieren system and conventional still and
motion photography. Density gradients in an
inhomogeneous flow permit visualization of the resultant
bending light rays by a schlieren system. Focusing
Schiieren is a iong overlooked improvement upon the
criginai arrangement as it permits visualization of
individual plane secions of finite depth within a strati-
fied gas flow. Actual planar slices revealed individual
cross-sections of large-ccale vortical structures and
smali-scale three dimensional turbulence in the jer.

Introduction

Flow visualization of heated jet flow is a simple
and helpful tool to aid in the analysis of the dynamics af
turbulence. A heated jet can simulate the combustion
process involving the mixing of hot fluid with ambient
air. The ability to visualize the fiow dynamics in the jet
increases the overall understanding of mixing and
combustion phenomena in general.

Light behaves as a series of wavefronts, such that
when two plane waves at small angles propagate in the
same direction, their amplitudes sum together. The
resulting light wave will form light and dark fringes-- an
imerference pattern. Fringe separation is indicative of the
difference in the optical path length which in tum is the
intagral of refractive index times traversed length.”

O.FP.L. =f nds

Schliereri flow visualization is based on the
fundamental concept that the speed of light is inversely
proportional 1o the index of refraction, n, of the medium.
in turn, the index of refraction is directly proportional to
the density of the medium, p, where 3 = 0.000292.2

Light wave fronts turn and refract in variable
density flow owing 0 the variation in the index of
refraction. In the basic schlieren system ordinary white
light is focused into carallel beams by being passed
through 1 lens and ransmitted across a test secticn. See

figure 1. A second lens subsequently focuses the rays

thereby fonning a final image. By blocking part of the
light at the focus of the image with a knife edge the
screen visualizes the gradient of density normal to the
knife edge.

test section

= T
light knife
source «dge screm

FIG. 1 Basic Schlieren System.

Therefore, the deflected light in a schiieren sysiem
is intercepted prior 1o the formation of its image and the
sections of the field traversed by the light rays become
darker. Only a single plane is focused upon in this
manner, however, lignt is integrated along its entire path
and the method does nat yield a true image of a plane
within the flow. A more practical albeit larger schlieren
set-up replaces both lenses with inexpensive concave
mirrors relocating the light source and screen off axis.?
Shadowgraphy is equivalent to schiieren visualization
except there is no knife edge and the imaging displays
the second derivative of the density.* The schlieren
method is found to be more sensitive than the shadow-
graph method and is better suited towards visualizing
low-temperature flows.’

The line-of-sight integration peculiar to conven-
tional schlieren and shadowgraph imagery drastically
limits the ability to study the inner structure of a comgli-
cated tlow field. Therefore, conventional schlieren and
shadowgraph methods cannot image individual planes
within the flow field, whereas Focusing Schiieren depicts
a more accurate imaga of the structures embedded
within the plane of :he ow. The method of Focusing
Schlieren was origiraily developed forty years ago by
Ralph Burton®, and Arnur Kantrowitz and Robert




Trimpi’, reviewed by R. Buzzard® and very recently
improved by Leonard Weirstein.’

The Focusing Schlieren sysiem uses multiple
light sources by passing light through a grating. whose
lines are typicaily aligned parallel to the mean flow
studied. In this manner many beams of iight pass
through any given point within the test section and
~subsequently there will be rnany beams of detlected light
within the test section. Finally, there must be multiple
knife edges or cutorfs to focus and filter the incoming
rays. A screen receives rays which have passed through
one given point. Other points intercent and deflect these
rays but none of the rays focusing upon the screen will
have encountered any points in common, along their
respective paths. Only the deflection from the common
paints within a plane in the test section will contribute 0
the intensity of lighit at the screen. Other planes remain
out of focus and their ofiset images dlur out as in the
focusing of ordinary lenses. There is only one moving
part- the screen which is translated forwards and
backwards to visualize different planes in the test
section.

Focusing Schlieren Flow Diagnostic Method

Visualization was performed on a heated subsonic
elliptic jet whose exit nozzle geometry was character-
ized Dy a 2:1 aspect ratio. See figure 2, Flow in an
afliptic jet is highly three-dimensional establishing it as a
good subject for Focusing Schlieren measurements.
Maximum exit velacity of the jet was 85 m/s and exit
temperature was165 °C, respectively. The density in the
potential core of the jer was low enough to enable the
flow to be visualized even though its value was only
65% of ambient density.
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FIG. 2 2:1 Ascec: Ratio Ellipuic Jer Facility.
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The princioie viewing area of interest is shown in
figure 3. The size of ihe flow region in the near field of
the elliptic jet dicated the minimum size of the na2ces-
sary optics for visuaiization.

FIiC. 3 let Exit Nozzle Facility.

Previous measurements of velocity and tempera-
wre profiles utilizing hot-wire, cold-wire, pitot tube and
thermistar sensors indicated the approximate boundaries

The laws of ontics dictated the dimesnions of the
Focusing Schlieren aw diagnostic facility, specificaily
the lens maker's formula.’

Where d_ is the distance between the first set of
Ronchi Rulings and the primary lens, d, is the distance
between the second set of Ronchi Ruiings and the

primary lens, and i is the effective focal length of the
primary lens, Weinswein obtained highest quality images
with a distance ratio of d /d, = 2. The main drawback
with this ratio is that it dictates a longer facility than for a
distance ratio of say, a/d = 1.

[ d 13* X 14 172° -7
Poleq Rarwin CGrecd Goas
& 111", -y magng Gorven
Ry /e 4 183" i

FIGC. + Focusing Schlieren Facility.




White light is emitted from a vanable strobed lignt
sourc2, General Radio® 1540 Strobolume Oscillator,
controlled by a function generator. Light is collimarted by
a10.5 inch focal length Fresnel Lens irom Edmund
Scientific and passes through Ronchi Rulings consisting
of verzical 25 line per inch iringes. The fringe pattern
was drawn on an Apple Macintosh® Iifx microcomputer
with Asnlar Vellum? drarting software and printed ono
3Mm@ transparency paper by an Apple Laserwriter® IINT
laser printer.

Light rays penetrate the jet region and are focused
by a 10 inch converging lens, and then are deflected by
a second set of Ronchi Rulings. The second Ronchi
Rulings were created by placing Kodak Ektapan® 8" x 10
black and white photographic paper at the location of
the secona Rulings and expcsing it to the image creared
bv the first set of Rulings for one second duration under
very low intensity whice light in a blacked-out room. Tne
resultant film was over developed by two extra minutes
in addition to the reduired ten minutes in Kodak
Microdol-X® film developer 50 as to obtain very dark
fringe patterns.

The second set of fringes is aligned with the first set
of fringes such ta: an interferance image of moire
parerns disappears. Tne final plane image within the
flow apoears on a cardboard viewing screen behind the
second Ronchi Ruling or on ground glass from Edmund
Scientific to enabl: recording of the flow by camera,

The entire systemn is fixed with respect to the jet
nozzle except for the viewing screen which is required
to move i 2 linear fashion so as tc allow focusing of
varicus planes within the flow. As weil, the entire system
is painted black to prevent stray light reflection and it
rests on a sturdy steel frame to prevent bending of the
optical path because the resulting interference pattern is
sensitive to shifts in both Ronchi Rulings. The entire set-
up was snieided from exterior light with black cumains.

Recording of the images on the ground glass screen
was done by an ELMO® SE 301 black & white CCO T
Camera connected to a Panasonic® TL AG 6750 Super
VHS Video Cassette Recorder and Panasonic® CT 2010-
¥ Color Video Monitor. Still black and white images
were taken oy a Pentax® Stopmatc F 35mm Camera with
a Vivitar® 1:4.53 macro focusing zoom lens ana a Nikon®
F45 35mm Camera with Vivitar® 1:4.5 macro focusing
zoom lens on Kodak® TMAX 100 ASA and TMAX 400
ASA film. The overall sharpness of the image on film is
limited due w diffraction effect and lower speed films
are preferabie because they have a finer grain. Final
prints were developea using Kadak Polycontrast 11® RC
black and white photographic paper with 3.0 color filters
and llford 5.1M black and white photograpnic paper.

Rasults and Discussion

The orinciple fccusing lens should be achromatic
or emplov 3reen or yeliow-orange coior fiiters (0 correc:

color distortions. The lens aperture should be large
enough to obtair i snorter depth of focus and at the
same time shoulc ~ave a short iocal length in order (0
minimize the size of the entire system. A depth of focus
between '/, and ', of an inch was obtained. The jet
region visualizea was between 2 and 6 inches deep,
therefore, planes occupving no more than five percent of
the volume of interes: could be individually visualized.
initiaily, an achromatic 12 inch focal length converging
lens of smaller acerure than the 10 inch focal length
lens created a poor cepth of focus between '/, and '/, of
an inch desp.if the lens aperture is too large it may be
stopped down with an iris diaphragm.

The system was indifferent 1o the type of light
source- both continuous rectangular white light and
strobed square ligr: sources were employed. An image
formed as long as anv light source was placed in the
same fixed position. The intensity of the light source can
be diminshad with ootical density filters.'

The lining uo and fine adjustment of the fringe
patterns was very ‘mgortant towards obtaining an
acceprable image. itwas found that 275 lines per inch
was the highest ruiing density thar yielded the best
images. A word of szution must be inciuded about the
creation of the seccre set of fringas: they must be
properly archivec v geing run througn film developing
fixer and a\ ater Dar twice, respectively. Weinstein nas
aeveloped a simpie scaling rule to determine the number
of fringes, (number of lines per inch on fringe) x (dis-
tance of image grid o final image in inches) 2 100.°

Observations of the flow clearly revealed
vortices when imaging plane cuts through the center of
the jet. Otherwise. ‘ocusing at other cross-sections jet
permits visualizations of vortical structures at non-
perpendicular angies and the irmages tecome unrecog-
nizable. See figures 3a and 50. However, focusing on
cross-sections rear e et edge faintly revealed
streamwise vortical swuctures. See figure 5¢.
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Videotape of e ‘low was digitized by Imagelab®
software and hargware on 3 UNIPAQ® 386 PC micro-
computer, processes cn an Apple Macintosh® Hfx
microcomputer usirg 3oyglass Transform? software,
ennanced with Siiiczn 3each Digial Darkroom? soft-
ware and printed vz Apgie Laserwriter® INT Post-
sCnpr® laser pringes Sg2 Apoendix A,




One of the shurtcomings associated with this
system is that the size of the final image is geometrically
distorted. As one focuses different planes by moving the
viewing screen further away from the object, the result-
ant image grows linearly. See figure 6.

B

il‘l\m
Figure 6. Image Disiortion.

Single picture and video photography required that
the image Le recorded from behind a plate of ground
glass. Super-VHS is a good video storage format because
of its high-resolution, especially for digital image pro-
cessing. In addition, single shot pictures required
triggering of a single-flash stroboscope immediately
following the opening of the camera shutter for the
duration of half a second. The image cannot be directly
recorded by a CCD camera, but it may by placing 4" by
5" sheet film held in a lens-less camera at the desired
focal plane of the image. The system could be improved
upon by the addition of a commercially available optical
bench to insure a more stable light path.

Conclusions

Focusing Schiieren yields more qualitative ¢s well
as quantitative data than conventional schlieren and
shadowgraph methods. Focusing Schiieren method is a
non-intrusive flow visualization method that works very
well- better than conventional schlieren or shadowgraph
techniques which integrate intensity along the entire
light path. Conventional schlieren or shadowgraphy is
cnly useful in flows having translational symmetry. This
is why the simple layout of two-dimensional mixing
layers has been the preferred choice over circular or
three-dimensional jets in combustion research. A two-
dimensional flow facilitates the application of line-of-
sight optical diagnostic techniques. Smoke-wire tech-
niques visualize streaklines qualitatively, but are intru-
sive and thus disturb the flow. They may not clearly help
identifying vortical structures in the shear layer at
moderate to high veiocities." Fully three-dinensional
turbulent flow fields can be visualized tomographically,
but this is a complicated and time-consuming process. it
is apparent that Focusing Schlieren will permit visual
investigation of three-dimensional, and hence more
realistic, flow field.

The Focusing Schlieren method also requires a
smaller optical set-up than conventional schlieren or
shadowgraph due to its direct light path which does not
require mirrors. Howevet, a very good quality lens is a
necessity making the system more expensive, Overall,
Focusing Schlieren is a more difficult system to set-up.

in the future, Super-VHS videotape images will be
processed on an Apple® Macintosh lfx workstation or a
Sun® 3/160 workstation driving a Gould® IP9515 image
processor. Image frames will be digitized to display and
analyze contcurs of constant temperature; to enhance
and contrast flow structures from the background; to
detect eages: smoothen and reduce noise; create graphs;
and compute radiance. The fractal dimension of
inhomogeneous flow could be estimated from digitized
images as described by Gutmark et al.'z Finally, Foqusing
Schiieren can be expanded into an elaborate three-
dimensional holographic diagnaestic facility.?
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CONTROLLED ENTRAINMENT IN A
2:1 ASPECT-RATIO SUBSONIC ELLIPTIC NOZZLE

Thomas R. Austin’ and Chih-Ming Ho’

Abswract

Large-scale and small-scale mixing processes in sup-
sonic wurbulent jez flows have been passively enhanced
by the spplicadon of small aspecs-ratio ellipuc nczzle
gecmetry and acsively enhancad by the applicadon of
Preferred Mode forcing, The evoludon of the asymmerri-
callv deforming coherent elliptic vortices is responsible
for lerge-scale mixing in asvmmetric jets thereby signifi-
cantly enhancing the rare of ¢ncrainment by means of
the self-indaaion process. The effects of dhe self-inducdon
mechanism are strongly enhanced at lower Reynolds
numbers and highe: temperacures. Therefore, jet spread-
ing and encrainment are conwollasie by varving the exic
velocity and temperarure. Small-scale producton occurs
within the toroidal vortices principally due to self-
inducdion unlike rwo-dimensional free shear layers where
srmall scales arise through the acton of vorrer merging,
The vertex merging process was suppressed by forcing
the eilipuc jet ac the axit at the Preferred Mode frequency
effeccively isolating the influence of self-induction
Small-scale structures were succassfully derected by pro-
cessing turbulent flucmadng velocicy signals with the
Peaé-Valley-Code algoricnm, Preferred Mode forcing
ennaunced the large-scale seif-inducton processes and
maodified the small-scale mixing process but did not alte:
the characteristics of the small scales.

1. Introducnion

The swdv of urbulenc jec shear flow plays an impue-
tant sole in nurmerous engineering applicatons. Jets form
due w0 flow 1ssuing from 3 nozzle and the resulwan veloary
diffesence forms s shear layer consisung cf conerent vor-
ucal structures whose dvnamics are responsible for gn-
waning surrcunding Jaid. Fres and confined jets are
common devices present in mixing processes and e
sroducaon of theust. o is thersfore desicuus w conol
mixing, or the tansfer of mass, hear and momenmm,
Succassive inzeracuons amony iargs scales produce
smaller scales which in wm give nse owards finer raixing
and iniuate any possiole chemical reccrions at the
molectlar level. When beac is released m a chemically
reacting wurpulear shear fayer the « ~ddog flow is
charactenzed by a nonconsunc den...y ficid whose
imposed nonhomogsacicy zouples che eifects of fluid

dynamics w0 chamisay. [eis imporune to undesstand the
direczlv coupied arfacss chac curpulenc shear flows and
combustion preeasses have upon eich other. Therefore,
co control and o :mprove turbulent mixing rates, and
combusuon propertes in particular, one nezds to
passively, if not aciivelv, direct the developmental
processes of largs- ind small-scale structures in fres shear
flows.

L1 The S¢

Turbulent sizar lows are now known w0 be composed
of suructures or vaving dimension and are characterized
by a specific prase conerency.' The process of wrpulent
mixing begzins with the eacrainment of ambient fluid
into the flow bv aizher mezging or self-inducting large-
scale vortices. Iz nizne mixing layers’ and axisymmetric
jes flows® che dvaamics of vortex merging is responsiple
for the growth of the turbulear shear layer in boch
hemogeneous fows and chemically reacting mixing
lavers.* Howarer, in the three-dincasional flow fieids
characrerisde of 2ilipdc jess a second mechanism caused
by the self-induction motions of the azimucthally
deformed elliptc vortices controls large-scale mixing.

Successive interactions among the eaergetic,
coherent spanwise tor wreicdal) and sweamwise large-scale
strucrures, respecsvely, instigare the groducton of
smaller, thres. dimensional scales within the cores of thie
vortces coinciding with the turbulent wansidon region.’
The ons<t of smail scales convolutes the wpology of the
large scales increasing their incerfacial surface area, The
engulfed marenal is prokan down inw smaller homoge-
neous parcels anc he proesss concludes ac scales belaw
the Kolmogorov microscaic where molecular diffusicn
smegrs out remating velocicy gradiencs and chenical
processes mayv o« niuiced, The most probabie length
scale of tne small stuczures lies berween the Kolmogorov
rucroscale and the Tavior mucroscale and chis small scale
appears to be responsible for dissipaung most of the
Nneuc energy of T.e mean flow inw hear thereby steering
the mixing process owards completion.” Produces of
chemical seacnons appesr to concentars within the farge
scales and ia parucuiar among the small-scale regions.”

lanar laser iaducsd fluorescence flow visualization of
hydroxyl copcentiatons suppurts this view by revealing
the existence of combustion products wichi voreex
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cores.” Therefore, smail scale concencradons appear o
overdap zones of combusdon in reacdng shear lavers and
increased small-scale producton increases fine-mixing
which eahances combuston.

L2 Eilipric less

Apassive meod of ennancing che race of entrainment
bv as much as 300% in subsonic open nozzle flows has
been obuained by modifying circulas nozzle geomews w
a 2:1 aspecs-rato cllipsc.° (figure 1) This design orfers
a passive mixing confroi devics and, more imporcandy,
it is more efficient than either a conveadonal two-
dimensional or axisvmmerric nozzle. Small aspeci-sato
eilipdc nozzles have exhibited sigmificandy higher spread-
ing and entrainment rates providing improved large-scale
mixing properaes, Self-inducton is responsible for the
elliptic jec's large rate of eauainment, and its effect ugon
the mean flow is evident in the constant velocity contours
at downsueam jec cross-secdons. (figure 2) This concapt
has been successfully demonstrated at boch subsonic™
and supersonic conditons," in a confined dump com-
bustor,? and in high-temperature ramje: facilides vieid-
ing inczeased combusdon efficiency.”

Toroidal siiipc vordess are shed at the ellipuc nozzle
exit. Thev are characzerized by varving radii of curvature
such that che sectdon of the ring in the major axis plane
wirh minimum radius of curvarure is convecicd Iaster
downsueam by nawre of the Biot-Savart Law of inducdon
than the minor axis secdon with maximum radius of
curvature. The faster moving secton of the major axis
section couvecss forward as it bends inward decreusing
its local radius of curvature unal it marches the radius of
curvature of the minor axis section which is concurready
advancing ouswards. This process of self-inducdor: is the
prnciple mechanism driving enuainment in 3 small
aspecz-ratio elliptc jet as revealed by measurements evi-
dencing as much as ten tmes more entrainment in he
minor axis rezion than the major axis region of 2 21
aspect-ratid ellipuc jeo. The phenomesnon of axss swicking
occurs wirent the imiuaily ellipde ring momentarnily sustaing
a circular conriguradon foilowing a series of downsireamn
d'stordons. These dynamics which are unique to threz-
dimensionul nozzles dramagcally enhance spreading and
mixine ip small aspect-rano ellipuc jer flows.

Qperiunw of hypessonic acrospace vehicles, inciud-
ing the United States Naconal Aerospace Plane and ve-
hicles similar o ir, will require supersonic mixing inside
scramjer combustors. Potendal benefics arising from the
applicadon of ellipge shaped nozzles include, improved
combusuon efficizncy; the alieviation of combusuon in-
stability; subsonic anu supersonic exhaust noise reduc-
ton; vezzored thrusc jor increased aiveraft 2y, iioy; threse
augmenwadon gjecors or Verucal/Shore Cakeorf or Land-
tng aireralt nubofan engine infrared signature reducdon
concnbunng towards stzaldi:™® laser ejector pumps; and
improved steam ejeczors in hezc-actuared heat pumps.”

The imporzance of yndersanding che roie of the

smaller stnIcIures in mMIXIQY Procssses mMOEUvares our
current research 1nd cheir generzdon bv large-scale
vordces. In cwo-dimensional flows, including plane mix-
ing lavers and axisvmmeic jets, the process of vortex
merzing is respensidie for large scale growth, encanment
and small-scaie production. However, in chrez-
dimensional flow :leids vortex self-nducdon dominates
entainment [n this light the effect of large-scale self-
inducaon on the gesgration of smail scales in ellipdc
jets is investigited for the purpose of controlling
entrainmenc 15 weil as small-scale mixing.

II. Experimental Procedure

The experimental subsonic jet facilicy is driven by
muluple ceawrifugal diowerss in parailel and operates ata
maxin.um exic veloc:oy of 85 m/s bordening at che upper
limit of incompressibiiity. The flow encers an anechoically
treated cvlindricai cramber, contracts into an siuminum
sragnation chamber of constant diameter and passes
through aluminum hYonevcomb, 2luminum foam, anc 2
series of fine wire mesh screens where the flow feld
becomes mare uniform and less wrbuient An sluminum
composite nozzle smeothly contacss to a 2:1 aspect-ravo
eiliptical orifice with dimensions of 2" {major xis, 2a) by
1" (minor axis, 2b). {ses figure J3).

A small azimuctally symmezic forcing chamber is
machined inte the nozzle exit permitting comblece
circumferendal acoustc forcing of che iniual shear layer.
Four Realistc ‘13" speakers with 2 response range of
100-15,000 Hz emic at opposite ends of the major and
minor 2xes, respecsvely, ac the nozzle exic to perturb
the flow, The speakers are powered bv a1 pair of two-
channel Carver M-200r 120W per channel power
amplifiers. The oucpuc is synchesized by eicher 3 B&K
funcdon gencruwr waich sends conunuous sinewaves, 1
simple arbirrary waveform wansmitted by an RC
Electionics Waveform Generator or 2 more compiicated
high-frequency wave‘orm sent via 3 12-channel Dara
Transladon DT-2314 digital-to-analog couverter. The
acoustc fieid generated bv the azimuchally posiaoned
speakers was uniform 1cross the nozzle exit 0 witllin
3% of the RMS pressure levels measured by 1 microphone
acthe exit.

The flow feld of the cllipde jer s highiy three-
dimensional and {s mappeda out by investigaung one
quadranc of downsusan cross-secdons after performing
symmeuy checks. Sampling along the major and minor
axes provides mean and fluctuadng profiles of velociy
or temperature with aoc-wire and cold-wire 1nemomesers,
respecdvely, The veiccity pronles indicate jet haltwidth
spreading rates ané ixis swicching locations. Thae
entaainment 1s messyred by sampiing velocity and
tenperature across 23 2y 23 grid point separaced by Ax
and Ay within 1 zross-section. The cotzl amount of




massfow is the summation of the product of densiry,
velocity and incremenral area, dxAv. The resules are
verified by insuring +he total momenwm fux, X p.(y,2)
T_';z(y.z) AvAz, is constant at the espectve Cross-secuons.
Twao flow paramezess, the Reynolds numbers, Rep, -~
5x10* and the Richardson aumber at maximum exic
temperature, Ri = g D, (I-0)/ (T U9 - 107 where the
density racio, T = p/p. and D, denctes che hydraulic
dizmeter 4A/P = {ab)/{2a{(2F°-b/2]"),clearlv demon-
sirate the dominance of inertal forces over both viscous
and buovancy forces in the expesiment

For small scale investigations, turbulenc velocity
signals cortaining the signatures of the large ind smail
scales in the shear laver as well as che irrotational
fluctuadons inducad into the quiescenct fluid by the
passage of the large scules are sampied by two Dantse
33P71 hot-wire probes connected to 3 constant-
temperature circuit wicn 3 flar frequency response w 30
xHz. The seasor coasists of 2 0.0001" diamete: platinum-
10% rhodiurn wire atzached w0 0.7 mm wide probes
mounted on 1 microcoraputer conuolled waverse system
translatable in chree-dimensions. Hence, small seales
iarger than the probe separation with frequencies smaller
than rie operatng range ¢f che hot-wire circuit are
resolvable. This places an effectve upper tirait of 33
m/s ac the exit upon the operadion of the facilicy. The
fluctuadng dawa is digitzed, recorded and analyzed by a
80386 PC AT miciccoputer-controiled anaing-digieal
cenvarter at acquisition rates up to 1 MHz. The
fast~fourler transform implemnentng Welch's 4-puinc
algorichm calculates the one-dimensional sue:gy spectra
from which peak frequencies of the appropriace fluid
structures mav be inferred. Stureamwise velocity
fluctuarions are measured and analyzed bv phase-
averaging and Peak-Valley-Counung methods. Final
processing is performed on a Macinwsh IIfx workstation.

1L.2 Pl Vallev-Counrdng Mesiod

Measurements of longitudinal veiocicy fluctuadons
are underraken throughout cross-sectonal cuts orthogonal
to the mean flow at varving distancss downswream. Every
data tme record contained at least 15,000 small scales
and 2.000 large scaie structures to insure stausucal
reliabilicy. The velocity traces contain low-frequency
fluctuadons caused by the large-scale structures and
nigher frequency flucuations some of which are due w
the presence of small scales. Phase-averaged dara from
the second hot-wire provides local large-scale seatistics
altowing for the purposes of conditional averaging . The
Peak-Vallev-Counting method developed by Huang'
and Hsiao'” and improved by Zohar® was used ro detcct
the small-scale stuctures. This algorithm generates 2
pulse train corresponding o the proper local extrems
associated with small-scate fluctuadions in 2 turbulent
velocity signal by e:aploving 1 series of Ingical condigons.
Thre final locativns of ¢re acrual small-scale fluctuadions
ace obratned by discriminaung among the ‘peaks’ and

‘vailevs’ of the Zme signal which includes the removal
of false fluctuadons, erroneous cunsecutive maxima (or
minima), analog-¢igital-converter noise components and
random high-Teguency noise by incorporadng specific
amphtude and zzrxporal chreshold levels irougnouc the
five stages of e sigorichm.

1I1. Experimenta Results

L1Seif-Induczior Dvnami

Measurements have been cairied out in the sready
state flow of 1 homogenegus 2:1 aspect-ratio ellipuc jet
and have confirmed =he ndings of Ho & Guumark (1987)
verifving che 2iliptic ies ©0 have increased mixing qualides
over an axisvimmexzic jes. The addition of heat further
inrensifies che soreading and mixing characzeristics of
the elliptic je Tha experimens were performed on the
same facilicy empioving ellipuc and axisymmezric nozzles
of equal exi are2s and operading 2t equal exit masstiow
rates thezeby removing any potenual bias. The paramesar
space of the currens study included subsonic velocides
from 20 mys w0 83 m/s and temuperatures ranging from
the ambienc 0 220° C.

The valocity profiles emerge at the exic with a top-hat
profile and evoive into bell-shaped profiles downsirsam
1esembling asvmmeric and axisymmetric jets in genesal,
The spreading of the flow is different between the major
and minor axes. At low velocites che shear layer in cie
minor aas region expands by spreading ouc into the
ambisnt region a5 evideaced by the increasing velocity
profiies. Velocity contour plots clearly indicace larger
spread rates in the munor axis directon and illustrace 1
nearly circular mean velocicy distribution between four
and eight sermu-major axis lengrhs downstream. (figure
4) The velocity halfwidths emphasize the lincar growth
of the minor ads region and indicate an unchanging st
of affairs in the major axis region. The first axis swicching
locadon is evident in the neighborhood of x/a = 7.
Downstream of the first eight semi-major axis lengehs
both regions grow at 2 nearly equivalent linear rate. Ac
higher exit velocities the differences berweea the
respective spreading rates become less pronounced as
corroborated by the velocity halfwidths showing the munor
axis region to pe soreading only slighdy more chan the
major axis region. Thae locadon of che first axis switching
location depends upon the jet exit velocicy (or exic
Reynolds numbes). Caarerline mean velocicy plots show
velocity o remain constanc up to five semi-major lengths
confirming the leagth of the porential core to be in
agreement with convenuonal jot propertes.

Tempezanure was increased inside che facilicy to
investgate nonnomoganeoys effeers on the developmear
of an eilipdc jer. Heating the ellipuc jec moderacely
enhanced che sprezding rates by medifving the seif-
inducton dynamics ind che velocity profiies indicared
an inner growtl o e major axis region of the shear




laver 2:.d an outer growth in the minor 2ds region sirnilar
o the homogeneous low-spesd case. The corresponding
velocity halfwidchs poinc out that the location of axis
switching tor 3 heared elliptic jec wich the exic velocicy
kept constant is shirted upstream o x/a = 3.7, (figure 3)
The spreading characreristes of higher velocity ellipac
jess indicate che locaton of axis switching to scale with
the exit Revnolds number, and nonhomoegeneous deasity
effects suggest 1n inverse depeadency upon the densicy
ragio. . A good fit resules when the axis switching locadon
is plotted versus Re, /T. Nonhomogeneous centerling
mean velocities are virtually idenucal o their
homogeneous counterparts and the leageh of the poteagal
core remains unchanged.

Turbuiencs tansports heac similarly 45 it wanspores
momeatum. Heae diffuses more rapidly than momenmum
due to 1 larger turbulenc diffusivity of heat than
momentym. Subsequendy, the mean cemperature
distzibunons, albeit broader and flate:, closely resemble
the mesn velocity disributions and, heace, 2 universal
behavior of mean quanudes exists throyghout the jec In
the case of the elliptic jet, the mean temperature proiles
mimic mean velocity protiles as thev grow inward along
the major axis and grow ourward in the minor axis region.
A temperarure halfwidth may be measured like 1ts velecity
counterpart, and the location where the major and minor
axes regions have equal halfwiddhs occurs upstream from
tic axis swiwhing location at x/a = 4. Lt appears that the
spreading rate in the ellipdc jet’s minor axis is retarded
at higher exic velocides (or Revnolds number) znd on
the other hand is enhanced by higher exit temperatures
(or lower deasicy rados). This pattern is exhibited by
the mean velocity contours for 2 hign velocity (85 mis)
and high rempezacure (185 C) flow field where similar
growth is 1pparenc in the major and minor axes regions
as for the low-spesd homogeneous case.

The primary purpose of investigatung che elliptic
jer1s to measure the mass entrainment and, hence, large
scale mixing. The eawainment rauo is defined as the
racio of che local massﬂow at a cross-secuon to the
massflow at the nozzle exic normalized with respect to
the exit masstlow, QUx) = (Q(x) - QQ,. The local
masstlow is defined 15, Q(x) = Z, pi(v,2) T(y,2) Ayaz
(ke/s], and cthe density and velocity components are
summed over all grid locations across 4 jet cioss-section.
Encrainment measuremencs for varving velocies in the
homogeneovs eihotic jeu agreed wicth the earlier
spectacular results of Ho & Gueomark (1987). The minoc
axis region, defined by diagonal borders sez at 43° with
respect o the major and minor axes, enwains at least
five umes more fluic than the major axis region. (higure
6) These masstlow measurements add credence to the
proposed enwainment mechanism by the self-induction
0T ASYMMELTiC VOrucss.

The nonhomozeseous elliptc jet encrained 2 much
as 25% more thaa the homogsaeous case.' * The
1asymmeric nozzie also showed a small improvement
n the enwainment under nonhumogeneous condiuons.

Nevertheiess, i1 e Jrst cwo semu-major axis lengths
the nonhomos’:"cous cilipdc jes entrains up to six ymes
more than 1 : O"‘OGC".:')U" :Iszvmmc lC e and c"x-*'zms
up to thres and 3 Xaif Zmes more than 1 nonhomogencous

axisvimmezric ‘ez The ncar-ficld of the homogeneous
and nonhomog=neous small aspecs-ratio eiliptic jer was
found ro be 2 rezion charactesized by large scale mixing

more int::".S\, IR i an axisymmesric el or wo-
dimensionai ‘22 :n¢ Dese findings are promising in view
of che fac: s sus coincides wich che region where
compuston procasses zre inidated.

Consurnt mean :emperiture contouss revezled the
existeacs of :emperature maxima on cicher side of the
centedfine along the major axis following x/a = 4 and
merging into one jeax bevond x/ = 8, in 1 repeaaable
pattern more zronounced at higher temperacures. Taese
doubie peaks occur in the mixing region following the
termination of e potential core where the shear layer
has closed in upon iself ac the cencecline. Supportng
evidencs (o this Jrezteraens is given by contours of ’MS
temperaure wiich show similariy distribuced doubdie
pcaks of the thermal wrbulence burt 1long the minor
axis. The evoluzion of the turbulent cemperawre feld
downstrearn as shown in RMS temperature conzours
portrays highe: inceasides in the minor axis region
beginning at x/a = % and become acute arx/a = 10,

The existence of greater thermal turbulencs in the
minor axis region suggests the existence of increased
mixing processes eagulfing more ambienc fluid inw the
hotter inner fluid along -he minor axis region. This would
create cooler regions :n e minor zxis region and probably
be respoasible for the mean temperarure distwribudon.
Larger amounss of mixing ire to be expected in the
minor axis region where gregter spreading races and
significandy larges rates of entrainmeac oceur. Centesiine
meun temperatures emain constant over shorter
downstream lengms ac "ugncx tempesatures suggesung
higher rates of mixing in inverse proporgon to the density
rauo. ln the muxing rc:g:'on downscream of che ead of the
pocc'm'al core the cextesiine medn emperarures e lower
in the cllnpuc jeT than an axisymmeic jet at the exic
condidons of 220 C and 33 m/s perhaos indicating desper
penetratons of ambieat fluid inco the mixing region of
the jer

The initai momencum thickaess varies with the
Inverse square foce of the exit velocity in the same
prescribed manner 15 axisvmmecric jes. To understand
the pnvsical mechanism driving self-inducuon,
measurements of e inical momenwum thicknsass were
performed and confirmed previous findings of the
existence of 2 nonconstanl momenrum thickness about
the nezzle perimers:. Aclow exit velocides, Uy = 20 mfs,
the momentum thickness in the minor axis region is one
third the thickaess measured in the major axis region
due o 1 smailer radivs curvacure 1o the upswaam minog
s contour of e nozois walls inducing 1 larger uinsverse
pressure gridiens Ar higher ¢xit velociues the
momentum Gicxassy (nereases considerably ia the mynor




axus region and dezomes aearly equivalent about dhe
nozzie exicac U, = 70 my/s. The inidal instabilicy of the
flow is modified 1t different Reynolds numbess. Icis
suggested that iow exic velocities and high exic
temperatures desrease the imual spaual growmn rarg in
the minor axis seczon of the newly formed eilipuc vorex
ring’® thereby incseasing its inidal deformacon and in
turn vigorously =nnancing che seif-induction process
downsueam.
2 Small-s Mixing

The small-scaie topologv of che elliptic jer was
invesugated ar an et veiocity, U, = 45 m/s, corresponding
to0 2 Revnolds numbe: based on hydraulic diamezes of
10°. Two cases are considered, first the nacural flow and
second, the jes exciced ac its Preferred Mode by forcing
at f, = 370 Hz with an amplitude of 1.2% of the fres
stream mean veiocicv at the cearerine of the jet exic
The initial momencum thickness, 0, for the unforced
case is 0.12 mm corresponding to 2 Reynolds number
based on inidal momencum thickness of 10°, and increases
ro 0.33 mm unde: ‘orcing.

The shear laver imitially rolls-up into coherent
vortices two instabiiicy wavelengths, A, downstream at
the frequency corresponding to shear laver Scrouhal
number, Sty = f; /(7 ~ 0.017 in agresment with linear
instabiiity theory.”” The power specua obrained from a
fast fourier wansform analvsis of the inidal unforced flow
reveals the inidal frequency and its first subharmonic
indicadve of vortex pairing at four A, downsteam. (figures
73, 7b) Preferred mode forcing effectivelv suppresses
voriex pairing ac che frst instabilicy frequency subhar-
monic and instead pumps eaergy from the mean flow o
form larger cohersac vortices ac 570 Hz by the collaive
interacrion process.” (figures 7¢, 7d) Therefore, in the
forced rase only e effects of self-induction dictate the
evoludon of the flow as well as production of the small
scales.

The mean ceaceriine velocicy diswibution with
respect to downstream distance illusuates che dramade
erfect of forcing bv showing a 20% reducdon in the length
of the porenial core region and an overall decrease in the
mean velucity in e wurbulent region downstream of
the core bv as much as 33%. The root-mean-square
velocicy dara shows —wice as much fluctuaung energy in
the center of the Jow in the transitional region at the
end of the potential core between x/a= 4 10 x/a = 7
which also coincides wich the region of very large
enrainment into the mean flow.

Small-scale populadons in the sueamwise direcdon
for the unforcad case 2re measured by the Peak-Valley-
Countng method and reveal 3 similar picture similar to
the plane mixing !aver. The aumber of small scales
increases sharply om the first vortex mesging position
2t x/A,= 4w the second merging posiuon 1t XA,= 8. The
distributon peaks 17 Qe third merging positon, x/Ay=
16, and gradually Z:crzzses downsweam -there is ao

downstream svimptouc plateau-like region, (figure §Y A
plane mixing lsver characzenzed by nonzero veiocity
SUEAMS SUPDiids conscant ¢nergy o the mean flow due
to the constan: saear imposed in e sweamwise direzZon.
A wroulent jes wi zero co-fluw does not receive gnerg
bevond the ex:i: nozzie and neacs the kinesic energy of
the flow fieid. waich is impursed 0 che small-sesle
stzuctures from ¢ large-scaie structures via an ene:gy
cascade fashicn, steadilv decavs downstrearn and is
dissipated into ezt by the small scales,

A sall unkaown nonlinear secondary instbilicy
triggers produczon of small scales within the cores of
the spanwise ia:2e scales and may be in part due to
complex strezcing and wlring process among the large
scales. The region of wansidon to full curbulence sppears
to foilow the Iirst vortex merging and approaching
comnpleteness 17z2: the second vortex merging, Evidence
of this is provided by the numoer of small scales ger
inidal large scziz as calculated bv the Peak-Vallev-
Coundng meziod, the =3/3 slope of the roll-oif exponent
of the one-dimansional eaesgy speczrum,” and increased
chemical procuc: concenuation.” Hence the locadon
x/a= 4 in the &iiipdc jet flow was qualified for decailed
Investigaton of ze small-scale topology because itis at
the third voriax merging location and i5 a region
approaching fullv mrbuleat condidons.

At four semimajor axis lengths downsweam the small-
scale population Zeasives were mapped outovera 1Z by
12 grid encompassing 1 spaual cross-section inressesung
the eatire mezn ‘low. Following svmmeuv checks oaly
one quadranc e e Jow cross-section is measured. The
Peak-Valley-Counting method dezects and exwacts spa-
ual, cemporal and velocicy informarion associated wich
the small-scale scuctures embedded in the coherenc luge
scales yielding pooulaton diswibutions, lengrth scales and
frequencies pesszining o the small-scale acdvity.

The mean velccity profiie across the major and minor
axes, respecsivelv, at x/a= 4 show distortions in the proflie
when tie flow is Jorced at the Preferred Mode. These
distordons vary wita the forcing level and one observes
in genezal an incease in the jes width resulting in greates
spreading of the Jow field, in che minor axis in partcular.
Density piots oveslaid by constant populagon contours
of the number or smail scales per local lacge scale show
greatest concenizazons of the small scales in the shear
layer of the je: o: 20th cases. (figure 9) The populatcn
distribution in the unforced case appears ‘fuller’ with
more curvarur~ -han the forced case. In general both
contour plcts ap, ear similar in shape and densicy suongly
sugzestng chat seif-inducdon dynamics govern the
evolution of the 2ilipuc jetr rather than the mechanism
of voreex merging, 1ae maximum number of small scales
per local large sczie atrains a value of 8.8 in the forced
case and is 10% zreaver than che peak of 8.1 in the
nawal flow. Foreing ac the frequency predicted by linew
instabiiic, theor: * nereases che coherence of the large-
seaie stuczutes ov rise-iocking ticm i a more unique
frequency 2nd zzmam, Tais would increase the capacicy
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of the large scale scrucrures 0 contdin more smaller scales
as described here. Iois interestine w note that for both
narural and forced cases the maximum number of smail
scales are located in che major axis region of the shear
laver rather than the minor axis. Previous measuremencs
have shown that e minor axis region of an ellipdc jec
flow are characserized bv larger spreading rates and
consequencly eacrain more fluid. The Biot-Savarg
induction law diczates pordons of the ellipuc voracas in
the minor axis t be expanding ourward whije portions
in the major axis are compressed. Voriex compression
may be the candidate for smail-scale production.
However, due to the nature of the unsteadily deforming
elliptic voruces which comprise the annular shear laver
other cross-secuonal further measurements ac upswrean
and downstream sueamwise locauons are necessary
before the flow wpology can be fully understwod.

The volume integral of che population density
contours of the rotal number of small-scale suwuctures
throughout the cross-secdon revealed that the forced case
produced 25% fewer total small scales than the natral
case. This finding is significant because it shows that
the self-inducton mechanism produces smail scales.
Vortex me:rging dicutes the evoludon of two-dimensional
turbulenc free shear lavers. However, now it appears that
in the case of the forzzd three-dimensional ellipue, where
vortex merging is suppressed, the dynamics of vortex
self-induction arg esponsible fur generating 75% of te
small-scale population. As the namiral case did produce
25% mecre small scules chan the forced case one can
surmise thac the strain race produced by vortex merging
is more effecuve in the geaeradon of small scales than
that produced by the self-induction process. To increase
the production of small scales in an ellipuc jet flow would
therefore suggest forcing ac che initial insabilicy
frequency and its related subharmonics rather chan the
Preferred Mode frequency thereby promoting more
energeric voreex merging.

Further analysis of the small-scale populations were
performed by examining slices along the major axis
direction at equivalent minor axis (2/b) statons. Ac first
glance it appears that the forced case (f=£) populatons
are similar if not greater chan cheir natwral (f=0)
counterparts, Carerul observadon ac stadons within the
shear laver, z/b = 0.76 through 2/b « 1.4, reveal greater
populadon leve!s near the core of the flow which account
for the 25% larger number of small scales In the natural
flow.

At every stauon .0 the measured region the Peak-
Vallev-Counting method builds up a suasistically
meaningful histogram of the number of small scales
corresponding o 2 specific frequency associated with
the fluctuzdons of the small scales. The small-scale
frequency histograms illustrate the existence of 2 most
-probabie frequency associated with rne small stales and
thac it is constanc thraughout the enure cross-sectionai
rezion of che flow. In the current investigiuon where
the Rey= 10° the most probable frequency of the small

scales is 13,900 H:z. Previous measurements reveal the
frequency to increase with Revnolds number. At che
cencer of the Jow chere is licde or no small-scale acdvicy,
but at increasing radially ourwird locatons along the
major axis the 3istogram begins w ke on 1 recognizable
shape with a discernible constant peik of the moset
probabple small-sezie frequeacy. Finally at towards the
edge of the shear laver the small-scale frequency
histograms diminisa. (figures 103, 10b) The forced case
shows similar progression 1long the major axis wich che
samne most probabdle small-scale frequency. A characreris-
tic stnall-scale tength can be esumated as 1, = UJf, =1.6
mm, where f, reoresents the most probable smail-scale
frequency and convecdon velocity 1s U~ U, % 0.6. The
frequency associated with che small scales does not change
under Preferred Mode forcing due to the dominagon of
viscous forces ovezcoming the effects or the iarger
coherent structures.

IV. Conclusion

Bv passivelv changing nozzle geometrv the inigal
conditions in taree-dimensional jec nozzies profoundly
alrer the downsweam ¢voluton of the flow. The upsaeun
curvature of the 2xit a0zzle 35 well as the exit aspect-rano
togecher dictate the inival momentum chuckness distri-
bution. As 2 result, e inidal azimuthal distnipudon of
vordcity along che ellipucal nozzie's contour swongly
modifies the seif-inducr n process. T'wo prominent
fearures associated with the flow, the location of the first
axis swirching and mass eawainment, were found 0 vary
significandy with exit velocity and exit temperature. The
Jocation of the first axis switching of the elliptic vortces
increased downsteam in direct proportion to the mean
exit velocity and in inverse propordon to the mean exic
remperature. Accordingly, meisurements of the mass
entrainment increased with higher exit cemperacures and
decreased with Righer exit velocities. These resules
reaffirm the existence of 2 sgong correlation berweesn
the dvrnamics of the ellipuc vortex rings and their
associated axis switczings with mass encrainment by the
large scales veriiving thac the flow is driven by self-
inductng ellipric voruces. Therelore, the mean velocity
and temperature Jeics suongly affect the imnad instabilicy
of the flow theretv modifying the eilipuc jet's develop-
ment

The small-scaie topology of a subsonic 2:1 aspect-
rato elliptic jez h2s been investgated by the Peak-
Valley-Coundng medhod. At an exit velocity of 45 m/s
the unforcad elliptic jet trunsivons o full urbulesce ac
the third vortex merging. Downsweam of this locadon
energy dissipauon becomes greater whan che level of
kinede energy remaning in the flow. Small scales are
distibured mainlv wichin the shear laver region ind
exhibit a preferencs cowards the major axis region.
Acoustc forcing 1z zhe Preferred Mode effecziveiy
SLPPresses vorisx marming and isoiates the z2ifecs of




seif-induction and causes greater spreading of the mean
tlow field. Forcing incensifies the small-scale disuibudoen
in the major axis region. Forcing created a 25% decrease
in the small-scale populadons but did aot significandy
alter che topology of che turbuleat structures. Therefore,
the mechanism of seif-inducdon is rnore desirable than
vortex merging in turbulent jer tlows because it is
responsidie for improved large-scile mixing and appears
to0 be the dominanc mechanism in the producdon of small
scales in che elliptc jer. These resulcs support the
encouraging reports invoiving eilipde nozzles over circular
nozzles in chernically reacring experiments. Quandea-
uvely, Preferred Mode forcing desreased the number of
small scales by 25% thereby recucing the small-scale
nuxing pracess. The peaks of the frequeacy histograms
throughout the eacer region of interesc for boch nanyral
and forced cases yielded a mose probable small-scale
frequency, f, = 13,900 Hz, rranslaung into a characzesistc
small-scale length, £ = 1.6 mm. Therefore the scale of
fine surbulence 1s unchanged bv forcing and it is constanc
at a given Revnolds number simiiar to the Tavlor and
Kolmogorov microscales.

Small aspect-racio elliptic jers appear bv many
accounts t be verv promising lmprovements over
axisvmmeuic jer configuradons because of their
enhanced large-scale and small-scale mixing characters-
ucs. Coherenc elliptic vordeal stuctures which govern
spreading, encrainmenc and large scale mixing in geacsal
have been invesdgated to reveal the importance of the
mechanisms of vortex self-induction. Further
invesugation of the wpology of the small-scale structures
and the mechanism govemning their formation by the
self-interacting large-scale scructures will significandy aid
in the understanding of conwolling and increasing
production of the small scales and fine-scale mixing.

This work is supported by the Air Force Office of
Scienrific Research under Grane No, AFOSR-90-0301
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Objective
To investigate subsonic mixing in the flow issuing from a heated 2:1 aspect-ratio elliptic

nozzle. Turbulent velocity and temperature data are expetimentally measured within the highly
three-dimensional flowfield,

Introduction

The study of turbulent jet shear flow plays an important role in numerous engineering
applications. Free and confined jets are common devices present in mixing processes and the
production of thrust. It is therefore desirous to control mixing, or the transfer of mass, neat and
momentum. A passive methed of enhancing the rate of entrainment by as much as 500% in
subsonic open nozzle flows has been obtained by modifying the nozzle geometry to a 2:1
aspect-ratio ellipse.’ This yields a more efficient mixing control device than either a conventional
two-dimensional or axisymmetric nozzle. Small aspect-ratio elliptic nozzles have exhibited
significantly higher spreading and entrainment rates thereby providing improved large-scale
mixing properties at both subsonic® and supersonic conditions,® as well as in a high-tem-
perature ramjet.*

Turbulent shear flows are known to be composed of structures of varying dimension and,
more importantly, are characterized by phase coherency.’ Successive interactions among the
energetic, coherent toroidal and streamwise large-scale structures, respectively, instigate the
production of smaller, three-dimensional scales which in turn lead to transition towards fully
turbulent flow. The importance of understanding the role of the smaller structures in mixing
processes has direct applications towards improved combustion and, hence, motivates our
current research, In this light, the three-dimensicnal portraiture is experimentally investigated
in an attempt to map out the complex topology of the structure of an elliptic jet.




Visual Insight

Digitized images of streamwise slices of the flowfield reveal distorted, elliptical cross-sections
of the large-scale vortices. Isecontour plots of the mean velocity and temperature fields confirm
the existence of the physical phenomena of axis switching as well as identifying localized
temperatuie peaks thereby providing information about the jet’s evolution and mixing
characteristics.

Experimental Results

Density gradients in the flowfield are visualized by means of a focusing schiieren system, recorded
by cenventional motion photography, digitized by a 386 PC-based Werner Frei Imagelab™ frame
grabber and enhanced and analyzed with NIH image™ and Silicon Beach Digital Darkroom® on a
Macintosh® Ilfx, Visualization of individual plane sections of finite depth revealed individual cross-sections
of large-scala vortical viructures and smail-scale three dimensional turbulence in the jet. The images
confirmed the Kelvin-Helmholtz process whereby an initially laminar jet rolls up into successive ring
vortices. Observatians of the flow revealed cross—sections of the large-scale vortices when imaging
plarzr cuts through the center of the jet. The toroidal vortices are level with respect to the horizon in the
major axis place, however, when viewed from the minor axis plane they appear to be tilted at large
angles with respect to each other. Quantitative measurements of the ceparation and size of the large-scales
have heen determined and were und to be in good agreetnent with theoretical calculations.

The mean velocity and temperature field was plotted in one-dimension with Synergy Software
KaleidaGraph® and in two-dimensions with SpyGlass’ Transform®, Format® and Dicer® at
downstream cross-sections. Two-dimensional raster color imaging clearly illustrates the marked
aiffarences in tie spreading of the flow between the major and mincr axes regions. At low exit
velocities the shear layer in the minor axis region expands by spreading outward into the
ambient region as evidenced by tlie velocity contour plots indicating greater spread rates in the
minor axis direction. Furthermore, a region of axis switching appears at low exit velocities,
while at higher velocities the phenomenan i5 not observed and the spreading rates become
less proncunced between the two axes.®

Adding heat to the flowfield further enhanced the already large spreading rates by modifying
the sel~induction dynamics of the coherent structures, This was manizested in the corresponding
velocity isocontour plots for the various cases studied, whereupon tne location of axis switching
for a heated elliptic jet with the exit velocity held constant shifted upstream. At large teinperatures
a consgpicuous temperature pesk spatially bifurcates and then unites further downstream
demonstrating the influence of greater mixing rates in w12 minar axis region.




Conclusion

2:1 aspect—ratio elliptic jets appear by many accounts to be very promising improvements
over axisymmetric jet configurations because of their enhanced mixing capabilities. Coherent
elliptic vortical structures which govern spreadirg, entrainment and large-scale mixing have
been experimentaily measured, visualized and analyzed wi:h the aid of a Macintosh® to
determine the mechanisms of the elliptic jet’s development.

This work is supported by Air Force Office of Scientific Research grant no. 90-0301.
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I. INTRODUCTION

“Ways of improving mixing and increased spreading rate in subsonic
and supersonic shear layers under study include noncircular jets.

-Panton, R, Long, L., Aervspace America

“Current means of reducing supersonic jet neise to meet FAR 36
Stage Three involve attempts with noncircular jets.”

—Morris, P., Aervspace America

The study of turbulent shear flow plays an important role in numerous engincering applications. Jets are a class of
unbounded shear Qows that are not influenced by any physical boundary except for their orifice geometry. Jets form due to
flow issuing from a nozzle and the resultanc velocity difference forms a shear layer consisting of coherent structures which
entrain surrour.ding stationary or moving fluid. The dynamics of these large scale coherent structures are chiefly responsible
for jet develop nent. In general it is desirous to control mixing, or the transfer of mass, heat and momeatum, in a direction
transverse to the shear laver. The earliest and simplest jets studied have been axisymmetric jets. In the search for
controlled mixing of jet flows, noncircular jets, characterized by three~dimensional exit nozzles, have become recent
candidates of study and they have displayed promising results. Accordingly, the large scale coherent structures have been
successfully controiled by modifying initial conditions, both passively by varyirg exit nozzle geometry and actively with
acoustic perturbatons.

Turbulent mixing is a two-stage process, beginning with entrainment of ambient fluid by large scales and conciuding
with fine-scale mixing cairied out by the small scales. The dynamics of coherent large scale toroidal rings governs large
scale enwainment in jets. In particular, vortex scif-induction is the principle mechanism driving entrainment in a 2:1
aspect-ratio elliptic jet. In combustion processes molecular mixing coincides with fine-scale mixing initiating exothermic
chemical reactions. The investigation of small scale processes i1s crucial towards controlling fing—scale, or molecular, mixing
and obtaining a complete understanding of mixing,

The goals of this study are to simultaneously measure both large and small scales in 2n incompressible subsonic jet
possessing an elliptically shaped exit nozzle of 2:1 aspect-ratio. The effects of both entrainment mechanisms upon the
development of small scales will be investigated, By uniformly forcing the jet with external acoustic exciiation at the
Preferred Mode, vortex pairing will be retarded thereby isolating the effects of vortex self-induction upon the shear layer.
Subsequently, the contribution by self-inducting vortices to small scale production will be directly measured. Phase-averaging
techniques will demarcate large scale vortices. The Pegé-Valley Counting method combined with phase-averaging schemes
will be employed to extract length and velocity gradient information of the small scales as well as their population. The
Fast Fourier Transfarm algorithm will yield spectral data and the Two-Dimensional Wavelet Transform algorithm will be
employed to sunulaneously display both phase and amplitude information of structures within the flow.

APPLICATIONS

Free and confined jets are common devices present in mixing processes and the production of thrust and they have
been studied theoretically, numerically and experimentzlly. There are numerous and immediate benefits of noncircular jet
research, Opgration of hypersonic acrospace vehicles, the United States National Aerospace Plane and vehicles similar to it,
will require supersonic mixing inside thetr ‘scramjet’ combustors. Other benefits include, improved combustion efiiciency
(Schadow, Wilson, Lee & Guunark 1984), fuel injectors inside supersonic combustors or for the alleviation of combustion
instability; subsonic and supersonic exhaust noise reduction; vectored thrust for increased aircraft agilicy (Waces 1989);
thrust augmentation ejectors for Vertical/Shorr Takeoff or Landing aircrafy, the reductien of aircraft infrared signature by
decreased engine exhaust temperature conuibuting towards stealth, (Hiley, Wallace & Booz 1976); laser ¢cjector pumps; and
improved steam ejectors in hear—actuated heat pumps (Jou, Knoke & Ho 1988).

1.1 Free Shear Lavers

[.1.1 Foundations
The simplest free shear layer is the plane mixing layer consisting of two nearly parallel mixing streams of fluid. The
flow forms at the confluence of two fluid stwreams far removed from the presence of solid boundaries. Solid boundaries,
namely the trailing edge of an airfoil or jer exit nozzle, define the initial conditivns. The velocizy difference between the
upper and lewer streams forms a hyperbolic rangent-like velocity profile which helps create the shear layer, The profiles




are characterized by an inflecrion point and sizable velocity gradients whose significance 1o stability and turbulent energy
wransfer will be noted. Refer to figure 1.

The velocity ratio, R, represents the relative velocity difference between the two respective streams, Refer to Equation

(1). Fractional values less than unity characterize mixing layers, jets possess values of R

: : fani A Uz~ U AU
cqual to one and velocity ratios greater than one signify the presence of reverse flows or P R=—2T7"1.2%
sucton. Heuristically, the shear layer spread rate, d9/dx is proportional to R so that the WL+U 26
velocity ratio can be viewed as a strerching parameter,

The thickness of the shear laye: at any downstream location may be represented by the momertum chickness, 6. Refer
to Equation (2). This thickness decreases at higher velocities as 8 ~ U™, The initial momentum thickness will be shown to
be critical towards non—dimensionalizing frequencies in stability analyses, and overall shear layer development.

Close to the trailing edge a more convenient length scale parameter is the vordcity thickness, 8. Refer to Equation (3).
This scale is approximately four times the momentam thickness for a hyperbolic tangent profile, which is a good representation
of the mean velocity profile in 2 planc mixing layer. Both length scales

illustrate free shear layer growth and provide proper scaling distances for -

the separation between vortical structures. Udy) um)
One of the most important parameters is the Reynolds Number, Re = 600 =) —={1-—="=dy

T6/v. It is a nondimensional value defining the ratio of inertal to viscous * -

.

forces. Regions of self-preservation,
unstable Bows and wansition to turbulence are marked by large Reynolds numbers. In
Ui—Uq addition, at sufficiently bigh Reynolds numbers the flow diverges very slowly and is
b b= M/ay}mu primarily unidirectional or nearly parallel allowing simpler analysis. The Reynolds.numbcr
classifies the ‘degree’ of turbulence such that as its value increases the resylting flow
becornes more unstable. Large Reynolds number flow is characterized by a wide separation
of eddy length scales whcrem turbulcnt kinetic encrgy cascades from larger to increasingly smaller eddics creatng a
Unsversal equslibrium range (Rc,' ?5>1) and at higher values (Re, *>>1) the existence of an Inertig/ subrange greatly simplifiss
calculations by allowmg isotropic conditions, where A% -1/f"(0) is the Taylor microscale (Batchelor 1953).

Iniually, mean values followed by turbulent fluctuations and evenwually higher—order statistical quantities (Reynolds
stresses, skewness, tlatness, etc.) evolve spatially and approsch a sensc of uniformity whercupon each respective profile
attains geometric similaricy at respectively increasing locations downstream. This is the property of self-preservation and
incorporates all flow parameters, velocity, temperature, stresses, correlations, etc. Ultimately, tu:bulent free shear layers are
dissipated by very srnall scales converting kinetic energy in the turbulent flow into mechanical heat through the action of
molecular viscosity.

In the nineteenth century, classical phenomenological theories came into acceptance coupling the assumptions of
self-preservation with eddy viscosity models based upon Maxwellian stadistical mechanivs into the simplified Navier-Swkes
Equations (Boussinesq 1877). These Beundary-Layer Equations yielded very good approximations of mean values. Early
limited attempts included the Mi-?ag Length Theory by Prandtl (1925) and the Modified Vortcity-Transport Theory by
Taylor (1932} as reviewed in Tennekes & Lumley (1972). Turbulence was first considered a completely random process
requiring statistical description (Monin & Yaglom 1671, 1975). Earlv modern experimental investigations of free shear flows
were performed by Liepmann & Laufer {1947). Subsequent measurements of wrbulent free shear flows included the plane
jct (Bradshaw 1565), ihe axisyrumenic jet (Wygnanski & Fiedler 1569), and the plane mixing layer (Wygnanski & Fiedler
1670).

Brown & Roshko (1974) confirmed the mixing layer to consist of large scale coherent structures, Concurrently, Winant
& Browand (1974) showed the growth of & plane mixing layer o be due w the m rging of large scale structures. Refer to
figure 2. Direct numerical analyses of teraporally growing mixing layers and their subsequent vortex interactions agree
with experiments (Corcos & Sherman 1976; Riley & Metcalfe 1980). Ho & Huerre (1984) extensively reviewed the free
shear layer,

1.1.2 Stability

Although linear in its early stages, the evolution of the mixing layer is predominantly nonlinear. Inviscid instability
waves form due to the Kelvin-Helmbholez instability mechanism where sinall naturally occurring perturbations spontaneously
anise just downstream of the trailing edge at the inflection point of the velocity profile (Drazin & Reid 1981). Free shear
lavers are inviscidly unstable flows shown by Rayieigh’s Criteria— the existence of an inflection point in the velocity profile
(Rayleigh 1880). Classical hydrodynamic stability theory has been reviewed by Lin (1955). This, for high Reynolds
numbers free shear layer instability is due to inviscid induction cffeets and is stabilized by viscosity. The initial devclopment
of parallel shear flows has been studiced by Betchov & Criminale (1967).

Nonlinear instabilides exponentially amplify the two-dimensional vortceity—containing structures which are compaosed
of multiple~frequency instability waves. Any spaually coherent perturbation whose frequency is prozimate to the most
amplified frequency will form a dominant instability wave and its amplific:uon ratec will scale with inital conditions- the
initial momentum thickness and convection velocity. Two instability wavelengths downstream of the trailing edge roll up
into periodic spanwise vortices upon reaching a specific energy level. Refer to figures 3 and 4, The energy content of
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the growing instability wave at a parricular frequency is defined as the integral of the eigenfunctions across the mixing
layer. Refer to Equation (4). The natural or most amplified frequency of the ensuing sinusoidal waves scales with a
constant dimensionless frequency— the Strouhal number based on initial momenvum thickness and convection velocity, St
=£0,/U = 0.017, The wavelength of the structures is A = U /f , where the convecuon velocity is defined as (U, + U,)/2.
The unsteady shear layer response is modelled rcasonably well by inviscid linear stability theory, and it prcdmts the
spatial structure and the amplification rates of infinitesimally small perturbations superimposed upon a mean velocity
profile. The most amplified frequency is selected according to local spasial stability analysis of

parallel shear layers (Michalke 1965; Monkewitz & Huerre 1982). The vortex (W /Uo)z
roll-up process has been numencally simulated using inviscid linear stability theory 9 ED ~——dy
in semporal space (Michalke 1964). Spatial stability calculations treat wavenumbers 26

as complex functions of real frequencies and temporal stability results are calculated with -

complex frequencies as functions of real wavenumbers. Measurements of amplification rates and phase velocities in mixing
layers by Miksad (1972), Fiedler, Dziomba, Mensing & Résgen, (1981) and Ho & Huang (1982) agree extremely well with
theory. Refer to figure 5.

The spanal growth rate varies with Strouhal number and reveals a symmetric distribution increasing to a maximum at
St, ~ 0.017 corresponding to the most amplified frequency or natural frequency of the initial wave and decreasing to zero at
the neutral point. The phase velocity also varies with Suouhal number signifying dispersive wave action and after St =
0.017 marches the convection velocity and the waves become non—dispersive. It is noteworthy that two amplified waves
exchange energy more cfficiently in non—dispersive regimes due to the fact that specific frequencies are more likely to
overlan and match. Therefore a specific band of Reynolds number—dependent unstable frequencies with variable amplification
exists ut which a perturbed shear layer may grow spatially.

A rapidly growmg subharmonic wave is generated at the neutral point where thie fundamental wave has saturared, and
its frequency is a subharmonic, f /2, of the natural frequency of the free shear layer (Sato 1959; Wille 1963; Browand 1966;
Freymuth 1966; Miksad 1972; Ho & Huang 1982). Refer to figure 6. The fact that the stability curve for spaual growth
rates in mixing layers is symmetric expiains the uwemendous amplificatior: of the subharmonic frequency at the location of
the neutral point. The occurrence of the subharmonic wave in the non-dispersive region is associated with the first location
of vortex merging at four initial instabilicy wavelengths downsueam (Huang & Ho 1982).

Vortex merging 1s the process in which the induced motion of typically two and infrequently more neighboring
spanwise vortices causes them to revolve about 2 common center-of-mass and amalgamate into a large vortex via the
Biot-Savart Law (Winant & Browand 1974). It is 2 nonlirear process because energy is exchanged berween waves of
different frequencies. For pairing to occur, phase speeds and subharmonic disturbances must match between respective
merging vortices (Petersen 1978; Cohen & Wygnanski 1987). Large scale structures have been numerically studied confirming
the process of vortex merging (Saffman & Baker 1979).

Kelly (1967) and Monkewitz (1988) proposed a subbarmonsc—resonance model in which the subharmonic mode interacts
in a weakly nonlinear fashion with the fundamental and receives energy in the process. It is the most unswable mode
responsible for vortex pairing. Another provision descibes the creation of a secondary instability that feeds back swrengthening
2nd amplifying the subharmonic wave. A locally new subharmonic is selected und amplified by a resonance mechanism
becoming the locally most amplified wave, and the merging process is repeated downstrcam repeatedly at 84, 164,
albeit wich some unccrtamty duc o phasc jitter, undl the rcspccmw vortices lose their coherence and breakd0wn Thc
VOIliCCs arg qudal—SL&uUlldly and their randomness is attributed to phase thter due to ba(,kg,round pcrturbatwns and varymg
convection velocity (Blackwelder 1987).

Gaster, Kit & Wygnanski (1985) corrected the linear stability theory allowing for a more realistic slowly—diverging
shear flow. It is important to note that linear stability theory only explains local effects and amplification rates can be over
predicted, Wygnanski & Petersen (1987). Since a real shear layer develops nonlinearly more accurate global results are

predicted by the nonlinear instability theory which retains higher order terms (Stuart 1971; Wygnanski, Marasli & Champagnc
1987).

I.1.3 Global Feedback

It is nactural to expect a free shear layer to develop causally in the downstream direcrion. Dimotakis & Brown (1976)
fiist suggested that large scales exert upstream influences upon their induced velocities. A global feedback mechanisin
hypothesizes that large scaie vortices in a shear layer impose upstream influences by uniformiy radiating very weak acoustic
waves from merging locations. ‘The upstream-travelling acoustic waves interact with the fundamental frequency and excite
the unstable thin shear layer at the trailing edge in a resonant interacuion (Laufer & Monkewitz 1980). This feedback loop
explains the doubling in strength of vortex circulaton at successive mergings. The associated feedback equation is defined
by the distance to the j'thnerging location, x, whete, Ki is the subharmonic wavelength, A, is the acoustic wavelength and
N is an integer number of waves describing j’ merging locations. Refer to Equation (5). The equation predicts vortex
merging locations and the spreading rate in s subsonic jet (o & Nosseir 1981, 1982).

I.1.4 Global Stabili.y

The evolution of coherent structures has been described by propagating instability waves composed of various
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ircqucncnes Linear hydrodynamic instability theory can be approached from a temporal or spaual pomt-of-vmw Free shear
jayer experiments tend to agree with spatial calculations, however, shear layers forced periodically in time do not. Thus,
neither approach is exact because global instabilities may amplify admicting both complex
HeXioN frequencies and complex wavenumbers. A combined and global spatio—ternporal instabilicy
A A theory analyzes the dispersion relation of a given flow to determine if the system is convectively
or absolutely unstable, and hence if it may be temporally or spatally calculated (Huerre &

Monkewitz 1985, 1990).

Very small amplitude disturbances for a parallel flow are assumed as in Michalke's linear hydrodynamic theory. A
response in the form of a wave packet is obtained for a givea iniual disturbance. In convective instability all local and
global modes are temporally damped such that the disturbed wave packets decay downsueam with positive group velocity
thereby stabilizing the flow although pressure waves may introduce upstream feedback effects (Chomaz, Huerre & Redekopp
1981). The flow is considered to be a spatial ‘amplifier’ of external disturbances. In absolute instability, local regions
become seli—excited with temporally growing oscillations but remain stationary in space such that disturbances spread both
upstream and downstream contaminating and saturating the flow. Refer to figure 7. Conventional descriptions of absolutely
unstable flow can not be employed, i.e. predicted merging locavons. Instabilites can change locally, that is, at a particular
velocity profile, from convectively to absolutely and back to convectively unstable. Therefore, local absolute instabilicy
does not necessarily imply global absolute instability, This topic will become important in the discussions regarding
acoustically excited and nonhomogeneous jet flows,

I.1.5 Cgherent Structures

In the fifteenth century [a Vinci recorded the earliest illustrations of vortices~ the principle elements of turbulent
shear layers, It is now accepted that large scale vortical siructures contain most of the flow’s energy- the ‘energy—ontaining
eddies’ (Batchielor 1953), The Kelvin-Helmholwz mechanism distributes most of the inital vorticity downstream of the
trailing edge into periodic waves which evolve into coherent structures. Coherent stuctures are recognizable vortices of
fluid characterized by commonly aligned phase relationships that dynamically develop in space and ume. Coherent large
scale structures may be thoughs of as an evolving vorticity field in space (Ho & Hue:re 1984). They are the de facto building
blocks consiituting turbuleni {rec shear layer fiow by being responsible for the ransport of momentum, mass and keat. The
recogniton of quasi~deterministic structures dominating the free shear layer by Brown & Roshko (1974) and Winant &
Browand (1974) heralded one of the biggest advances in the study of turbulent shear flows,

lnviscid, coherent spanwise structures of the order of the width of the ensuing flowfield emerge and receive encrgy
from the mean flow via the Reynolds shear stresses. The downstream merging and subsequent growth of the large scale
spanwise structures is responsible for large scale mixing and the overall development of the mixing layer. With every
successive merging event, large scale passage frequencies decrease by one-half (Huang & Ho 1990), their strength and
wavelength double, and the separation between large scales increases by a factor of two (Brown & Roshko 1974). The
momentum thickness grows linearly and is proposed to double instantaneously at each pairing location in the subharmons:
evolution model (Ho 1981). Refer to figure 8. Merging spanwise large scale vortices engulf large portions of ambient
irrotational fluid into the shear layer producing entrainment, spreading and overall mixing. The processes of entrainment
and fine-scale mixing appear to be separate at high Reynolds number (Dimotakis & Brown 1976).

Brawand & Weidman (1976) found merging piocesses Sreatcd Reynolds sicss whicli in turn is respunsibie for turbulent
energy production (-uit ¢4,/ dx,, from the dynamic equation for —ujui). Wygnanski & Oster (1982) measured changes in the
sign of the Reynolds stress at merging locations verifying transfer of energy from fluctuating velocities to the mean flow by
the suesses. This process is termed vortec rutagion and it permits energy transfer to large scale coherent stwuctures (Browand
& Ho 1983).

Sccondary instabilities initiate creation of another type of large scale coherent structures designated as sticamwise
vortices (Breidenthal 1978; Bernal 1981). They form in the streamwise *braid’ regions between adjacent large scale spanwise
vortices which are characterized by large rates of strain. The existence of streamwise structures was theorized by Benney &
Lin (1960) and Corcos (1979), measured by Konrad (1976) and Miksad (1972) and reviewed by Roshko (1981). Refer to
figure 9. Threading inwards as well as overlaying spanwisc vortex cores, streamwise vortices are convegted downstream
by the spanwise vortices (Jimenez, Cogollos & Bernal 1985). They anneal in a process similar to vortex merging in which
adjacent vortices merge thereby decrcasing the number of streamwise vortices. Counter-rotating streamwise vortices
enhance mixing by increasing the ‘mixedness’ of the Huid entrained by spanwise suuctures and inducing arabient velocity
tc traverse through the shear layer, They further increase the incerfacial area of the mixing layer (Bernal 1981). Nevertheless,
the spanwisc large scales are the major contriburors towards mixing in homogeneous mixing layers (Dimotakis & Brown
1976) and chemically reactung mixing layers (Breidenthal 1978, 1981; Masutani & Bowman 1984),

Lashcras, Cho & Maxworthy (1986) found initial three—dimensional perturbations affecting streamwise vortices. It was
shown that mutal influences exist between streamwise vortices, the inidally two-dimensional spanwise vortices and small
scales, theoretically (Pierrehumbert & Widnall 1982), experimentally (Bernal & Roshko 1986; Huang & Ho 1990), and
numerically (Ho, Zohar, Moser, Rogers, Lele & Buell 1989).




1.1.6 Small Scales

"The plane mixing layer begins as a laminar flow, promptly changes into a vortical flow digesting irrotational pockets of
ambicnt fluid and eventually becomes fully—developed turbulent flow. Throughout its existence, the turbulent shear flow
consists of multiple scales of varying dimensions and associated energies. Successive interactions among spanwise and
streamwise large scale structures, respectively, instigate the production of smaller, three—dimensional scales which in wrn
lead to transition to fully turbulent flow.

A still unknown nonlincar secondary instability wiggers production of small scales within the cores of the spanwise
large scalcs as early as the first vortex merging (Bernal 1981; Zohar 1990). Hsiao (1985), Huang (1985) and Zohar (1990)
tound small scale populations normalized with respect to the number of large scales to reach maxima around the second
vortex merging location. Small scales appear prior to the breakdown of large scale vortices and their generation is not a
result of phase decorrelation of the large scales. Although it has not been ruled out that smali scales may affect the
secondary instahilitics leading to breakdown of the large scale vortices.

Production of the small scales may be due in part by interactions between the spanwise and streamwise large scales, or
possibly due to vortex stretching and tilting of the large scales (Brachet, Orszag, Nickel, Morf & Frisch 1983). Liu (1981)
showed when the large scale amplitudes saturate the wansfer of energy occurs from large- to small scales. A phenomenological
model about small scale mixing in a reacting turbulent shear layer was proposed by Broadwell & Breidenthal (1982),

There are various experimental methods of identifying ‘signposts’ marking the beginning of wansition following the
first vortex merging and approaching completeness after the second vortex merging. These potental indicators incluac in
descending order of accuracy, the number of small scales per large scale as estimated by the Peak—Valley Counting method
(Huang 1985; Zohar 1990), the ~5/3 slope of the roll-off exponent of the one-dimensional energy spectrum (Jimenez,
Martinez-Val & Rebollo 1979), large values of the Reynolds stress (Browand & Weidman 1976) and increased mixing
(Breidenthal 1981), Refer to figure 10,

The number of small scales increase downstream, Ho & Huerre (1984) and Zohar (1990). Small scales were found to
diffuse large scale structures as well as the amplificates cate of pairing (Pierrehumbert & Widnall (1982). Hsiao (1985),
Huang (1985) and Zohar (1990) found smail scaie uarsiviin location begins a7 Rx/A_ = 8, the second vortex mergmg
location, for both two--dimensional plane jot and mixing lay«:, respect: vely. Small scales measured in two—dxmensxonal et
by Hsiao (1985) were close to the Kolmogorov Micrrs ate (1)e1] A1) where £ is the dissipation), whereas Zohar
measurcments showed the valyes to be closer to the ax,lor Microscale,

The initially coherent large scales undergo increzsiny levels ot shase-«t 2correlation which may generate small scales
within cores. By the third vortex merging, fully turbulent Siow is a\‘hl sved ot the asymptotic limits of these processes (Ho,
Zohar & Foss 1991). Refer to figure 11. Lor sufficiendy high Reynolds nun.ber, Re > 3000, the separation of scales in
wavenumber-space becomes large enough such that an inertiil subrange :egion characterized but pog necessarily defined
by the ~5/3 slope exists in the downstream region saturated by d.¢ small scales, Aithough not sufficienty correct, conditions
of isoropy may then be invoked to more easily facilitate estimation of in:por:ar: length: scales-- the Taylor Microscale,
Kolmogorov scales, etc.

In summary, free shear layers in principle act as low—pass flters amplifying hovkground perturbatlons at sclectable
frcqucncxcs resulting in the formation of coherent structures. The initial momentima vhickness (or vorucity thickness) and
velocity ratio are the concrolling parameters.

AII ;

1.2_Axisymmetric Jets —

— —

1.2.1 Foundations

As stated previously, jets are a basic flow configuration possessing numerous engincering anolicanons and form due to
the pressure drop through an exit nozzle, Jets are among a class of inviscidly unstable free stear lows and evolve in a
fashion simijlar to plane mixing layers through large scale vortex merging (Bouchard & Reynoids 1$72; Browand & Laufer
1975). Jets do not possess a solid boundary which may act as a vorticity source and all of the vorticity is added w the flow a¢
the nozzle exit. A common length scale characteristic of jets and mixing layers is the initial morentum thickness, or
vorticity thickness. Additonally, the existence of one extra length scale, the nozzle diameter, distinguisves jets from plane
mixing layers, As the jet develops downstream the dimension characterizing the local length scale ¢ the shear layer
increases in size from being on the order of the inidal momentura thickness to the order of the jet diameter.

Interior to the shear laver and separated by an unsteady intermittent surface exists the potential cos &, 'n irrotational
central region of constant velocity and temperature of approximately five exit diameters in length. Refer to Agure 12. In
the shear layer region energy is transferred from the mean flow to the fluctuating turbulent components via the Reynolds
shear stresses and the subsequent pressure—velocity gradient corrcladions transfer energy from the stureamwise velocity
fluctuations to transverse components. The shear layer continues to grow dictating flow development after the potential
core terminates and the mean quantities achieve self-preservation around ¢ight exit diameters downstream. Refer to figure
13. Farther downseream the jet continues to develop approaching a state of fully-developed turbulent flow. Even after
scventy diameters turbulent properties are still not self-preseiving. Refer to figure 14. No dcefinite isotropic homogzneous
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turbulent regions have been measured in axisymmetric jets.

The fact that mean quantirties become self—preserving before turbulent quanttdes iliustrates the concepts of energy
transfer in turbulent shear lows and the production of turbulence. FHence similarity or equilibrium is reached in a very
gradual series of steps. Self-similar velocity profiles may be conveniendy non-dimensionalized by the total suecarawise
distance or by a local transverse length scale, the velocity ‘halfwidth’. The halfwidth is the transverse distance from the
centerline axis to the location where the velocity drops to half of its centerline value.

Analyses of jets using phenomenological models have been simplified by two notions a¢ large Reynolds numbers, a
narrow mean flow pattern suggesting the use of boundary-layer equations and self-preservation. The first simplification
indicates zero mean transverse velocities, considerably smaller streamwise gradients (9/0x) than rransverse ones (9/0r) and
constant steamwise pressure. The production of turbulence is by the Reynolds suesses acting upon the mzan velocity
gradients and this close relationship supports similarity in mean and turbulent quantities. Therefore, self-preservation
coupled with eddy viscosity models close the equations and predict gaussian-shaped mean flow disuiburions which are in
good agreement with experiment except near the edge of the flow (Townsend 1956; Hinze 1959). See Schetz (1980) for a
complete reference list, Early measurements of turbulent axisymmetric jets began with Corrsin (1943) and Corrsin &
Uberoi (1949, 1950). An extensive investigation of axisymmetric jets was undertaken by Wygnanski & Fiedler (1569).

1.2.2 Stability

Initial conditions at the nozzle exit impart a longtime impression upon the flow (Townsend 1956). Measurements of
the evoludon of the circumferential shear layer have shown the lip of the jet nozzle to be very sensitive ro initial conditions
(Bradshaw 1966; Hussain & Zedan 1978). An initial velocity difference between the jet and the local ambient fluid creates
a cylindrical top-hat velocity profile surrounded by a thin circular shear layer- the region of turbulent shear flow.

Laminar and turbulent free jets are inviscidly unstable flows by the presence of inflection points in their mean velociry
profiles. The initially laminar axisymmetric shear layer gives rise to periodic instability waves by the Kelvin—-Helmholtz
instability process. Exactly like their two -dimensional counterparts, the axisymmetric waves amplify exponentially in the
unstable shear layer and roll-up in a nonlinear process forming three~dimensional ring-shaped vortices approximately four
initial instability wavelengths downstream. The resultant periodic vortex rings appear quasi-statonary, grow and become
distorted downstream (Wille 1963; Bradshaw 1966; Becker & Massara 1968). Refer o figure 15,

According to inviscid hydrodynamic linear instability, the initial vortex rings are built upon axisymmetric modes (m=0)
which amplify due to the linear instability of the wp-hat veiocity profiles at the nozzle exit. By Michalke’s (1963) linear
stability theory, vortices roll-up at a most-amplified frequency downstream of the nozzle exit scaling with the initial
momentum thickness and convection velocity, St=<0.017=f 8 /U,

Earliest theoretical studies of axisymmetric jet instability were conducted by Tyndall (1867), who observed flames to
‘dance’ in response to chamber musie, and Lord Rayleigh {1879). The jet instability problem is treated by the linearized
inviscid Euler equations with small perturbations, the Rayleigh equation, which calculate rezlistic mean velocity profiles
(Betchov & Criminale 1967). Sinuous and varicose modes have been likened to axisymmetric and helical modes, respectively
(Sato 1960). Spatial perturbadons were chosen rather than temporal ones owing to the considerations of a physical free
boundary layer (Gaster 1962). Inviscid flow simplifications have been employed by Michalke & Schade (1963) and Freymuth
(1966). Paralle] flow and finite momentum thickness assumptions applied towards temporal (Michalke 1964), and spaual
(Michalke 1965), theories, respectively, suggest better comparison of spatial instability results with experimental results
than with temporal results.

Michalke (1971) performed linear inviscid instability calculation on a cylindrical vortex sheet with a finitely thin shear
layer and found the amplification rate of the spreading shear layer to vary with the local shear layer thickness, 0, the
redu.ed frequency, 2nf6/U, and curvature, 6/D. The linear hydrodynamic analysis of a jet then becomes similar to that of
a planc mixing layer. However, parallel flow assumptions yielded slightly incorrect results at high A, . /D ratios (Michalke
1969) which lcd to a more accurate treauneunt of slowly diverging flow (Crighton & Gaster 1976). Treaung an axisymmetric
jevshear layer like a plane mixing layer creates problems because the thickening shear layer has a correspondingly larger
perturbation wavelength that is on the order of the jet diameter.

The resultant roroidal vortices are coherenc structures with a definite phase and they mutually interact an inviscid
fashion (Lamb 1932), and undergo a merging process with neighboring vortices (Browand & Laufer 1975). Refer to figure
16. The first vortex merging of the annular vortices occurs at the saturaton of the subharmonic wave in a non—aispersive
medium (Petersen 1978). The phase velocity of higher modes is non—dispersive for all frequencies bringing about resonant
interactions further amplifying the modes thereby facilitading more efficient energy transfer. This is in agreement with the
subharmonic resonance mechanism (Kelly 1967; Monkewitz 1988). Refer to figure 17.

Jets possess more complicated modes of instability than piane mixing layers and undergo symmetry-breaking. that is,
their instabilities switch to higher modes downstream (Ho & Huerre 1984). Concurrent with subscquent voriex mergings
downstrearn, the mean velocity profiles evolve into bell-shaped profiles upon which the axisymmetric modes decay and are
superceded by more energeuc helical (Iml 2 1) modes {Batchelor & Gil! 1962; Marttingly & Chang 1974). Michalke (1972)
showed both axisymmetric and helical modes to be amplified in 4 jer, albeit at different rates. Michalke (1971) calculated
that the axisymmetric modes I we higher amplification rates within the potential core and are therefore more unstable than
higher ‘spinning’ or helical modes. This is in agreement with slowly diverging parallel flow theery results (Plaschko 1979).
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Beyond four jet diameters downstream, helical modes dominate axisymmetric mades (Pctersen & Samer 1988). At higher
Reynolds numbers the helical mode appears closer to the nozzle (Fuchs & Michel 1977; Drubka 1981), possibly due to
stronger global feedback effects (Ho & Huerre 1984).

Farther downstream nonlinear azimuthal instabilities grow about the circumference of the vortices forming lobes and
imparting severe distortion (Browand & Laufer 1975). The suructures lose phase and amplitude coherence and begin to
break up. Azimuthal vortex instability modes and their induced disturbances may contribute to vortex breakdown and
symmetry breaking or eve 1 encourage the overtaking of the axisymmetric modes by helical modes (Widnall, Bliss & Tsai
1974; Browand & Laufer 1975). Measurements reveal ‘wavy’ velocity correlations distributed circurnferentially about the
potential core (Sreenivasan 1984) which suggests the loss of phase coherence at progressive downsueam locations possibly
due to the appearance of higher order instabilities- either azimuthal or helical. Decreasing amplification sates in the
downstream direction may be responsible for the diminishing strength of the axisymmetric waves and signify the appearance
of helical modcs (Petersen & Samet 1988).

1.2.3 Preferred Mode

Crow & Champagne (1971) experimentally found iastability waves to reach peak amplitudes around x/D = 4 near the
end of the potential core where the flow was governed by a preferred mode ot jet-column mode of constant Strouhal number
based on nozzle diameter, D, Sty=f D/U = 0.3, Refer to figure 18. This is the mode of maximum growth and it differs from
the shear-layer mode which scales with the initial most amplified frequency, St,=0.017. This agrees with the linear stability
results of Crighton & Gaster (1976) which predict 2 mode at Strouhal number, f D/U_= 0.4, corresponding ro a maximum
gain in pressure amplitude. The value of the preferred mode has been found to vary between 0.25 and 0.6 in experiments
and this is probably due to the existence of varying passage frequencies of acoustically untreated facilities (Guumark & Ho
1983). Kibens (1981), Drubka (1981) and Ho & Hsiao (1983) detwermined che preferred mede to vary with Strouhal number
at smali radius-to-inidal momentum thickness ratios then remain constant beyond around 150 R/ 9,

Hence, two modes govern the local developmentc of the structure of a frec axisymmetric jet. Within the potenual core
region instabilities scale with the local momentum thickness and the local passage frequency, St, = f8/U, in agreement
with spatial stability theary. After four jet diameters, the preferred mode governs the flow scaling with the local momentum
thickness which is on the order of the exit diameter (Petersen & Samet 1988). This locarion appears to coincide with the
onsct of helical instability modes (Michalke & Hermann 1982) inferring the preferred mode to be helical in nature.
Therefore for small curvatures, 0/D, the preferred mode appears o be the natural evolution of the shear-layer mode
beyond x/D = 4 just as the local passage frequency is a result of numerous large scale vortex mergings.

1.2.4 Global Stability

Global spatio-tempotal analyses have been studied in jets. For a summary of global stability effects in jers refer to
Table 4 in Huerre & Monkewitz (1990). Decreased flow densities bring about absolute instability and self-excite
nonhomogenecous jets. [n parucular, for exit density ratios, p/p_ < 0.72, the axisymmetric mode becomes absolutely
unstable prior 1o the appearance of the helical mode (Monkewitz & Sohn 1986; Yu & Monkewitz 1990). Experiments in
heated jets reveal vortex break down immediately following the location of absolute instability (Sreenivasan, Raghu & Kyle
1989). Low—density measurements have revealed random appearances of side—jets emanating at large angies to the main
flow dramatically increasing the local spreading anple (Guyon 1988, Monkewitz, Bechert, Bariskow & Lchmann 1990).

Observarions of globally self-excited modes agree with spatio-temporal theory (Monkewitz, Bechert, Bariskow &
Lehmann 1990). Refer to figure 19. Recent experiments indicate side—jets to be observed only in low-density axisymmetric
jets, (Monkewitz, Becherr, Bariskow & Lehmann 1990; Ho 1991, private communication). Increased velocity ratios greater
than one fonnd ia jets with coaxial reversed flow or suction show signs of absolute instability when R > 1.3 in agreement
with spato-temporal predicuons (Suykowski & Niccum 1990).

1.2.5 Coherent Structures

Inviscid dynamics involving coherent structures occur in jets as in mixing layers. Orderly large scale structures have
been identified in axisymmetric jets (Crow & Champagne 1971). The important properties related to mixing depend upon
the evolution of the coherent structures. The merging dynamics of the large scale toroidal vortices govern entrainment and
the added mass widens the shear layer and accordingly the shear layer spreads radially outward. Ambient fluid is entrained
across the shear layer via the Biot-Savart induction mechanism (Batchelor 1967) during large scale merging and envers the
potenual core. Entrainment is defined as the total massflow crossing any imaginary plane orthogonal to the principle jet
direction. Refer to equation (6). By similarity arguments entrainment should approach constant values far downstream
because it is a mean property (Wygnanski 1964) and it has been measured to be nearly constant in the potential core region
{Crow & Champagne 1971).

Sueamwise vortices are piesent in axisymmetric jets, as well. Beginning at the nozzle exit, three—dimensional secondary
instahilives disturb the ring vortices and in a most nonlinear fashion develop into coherent streamwise vortices. These
‘braid’ regions are characterized by surong positive strain and large shear that may be swretching and aligning the vorticity




field to form these streamwise structures (Lasheras, Cho & Maxworthy 1986).

The streamwise vortices connect or overlap neighboring large scale vortex

cores and survive successive vortex mergings (Browand 1986). They do not . .

appear to have as strong an effect upon entrainment as in plane mixing 'ayers. Qx)=| pUld2mrdr
The actions of interacting large scale vortex rings and streamwise vortices 2

may generate small scale three-dimensional fluctuations (Ho & Huerre 1984).

Small scales begin to form following the initial vortex merging locations and

their numbers realize asymptodic limits in the fully-developed region downstream of the third vortex merging (Hsiac

1985). The highly three-dimensional small scales ‘wrinklc’ the interfacial aia of the once—coheient vortices increasing

their surface areas. They proceed to carry out the final stages of mixing begun by the large scales by initiating fine-scaic

and molecular mixing (Broadwell & Bretdenthal 1982).

R

1.3 Three-Dimensional Jets
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1.3.1 Foundations

Three-dimensional jets are distinguished by noncircular exit nozzles of varying geometry, i.c. ellipacal, rectangular,
triangular, tapered and even scalloped— or crown-shaped! By passively changing nozzle geomeuy the initia) conditions in
three-dimensional jet nozzles profoundly alter the downstrean evelution of the flow, The properties of three~dimensional
jets approach those of two—dimensional planc jets the limit of very large aspect-ratic. Consequently, the complicated
stability modes and velocity fields in three~-dimensional jets are found to be very different chan axisymmetrnic jes. It is
these properties that are responsible for significantly greater mixing processes in three~dimensioral jets. Owing to their
more physically inticate nature, large aspect-ratio and plane ‘2-I’ jets were first studied, and it is only recendy that
small--aspect ratio and more ‘irregular’ jets have begun to be investigated.

1.3.2 Stability

Asynuucuic jet lows dispiay more compiicated stabilicy modes than axisymmetric flows. Michalke (1971) has temarked
that the more a jet departs from axial symmetry the more unstable it becomes. Linear inviscid stabilivy analysis of an
elliptical vortex sheet indicates similarity between large aspect—atio jets and two-dimensional jets (Crighton 1974).
Measurements of velocity fields and spreading characteristics in large aspect-ratio and ‘2-D’ jets lend support to this view
(Ho & Guemark 1987). Elliptically shaped, large scale coherent toroidal vortices are shed consecutively from the exit
nozzles of three—dimensional rectangular and elliptic jets accerding to the previously discussed Kelvin-Helmbholtz instability
mechanism. The initial vorticity distributions and any intrinsic “irregularities” at the position of the formavion of the shear
layer help o determine its linear growth rate (Winant 1972; Dimotskis & Brown 1976).

Morris & Miller (1984) distinguished an axisymmetric mode, helical medes which *dap’ about the major and minor
axes, respectively, and even higher order ‘double helix’ mades in elliptic vortex sheet analyses. It is corjectured that
azimuthal modes may be responsible for complicated superpesitions of higher order, quasi--helical instability modes which
dominate the initial axisymmetric 1node in small aspect-ratio elliptic jets precluding any simple stability explanation.
Elliptic ring vorticcs may retain their cohierence and strength farther downstream chan axisymmetric rings possibly due to
the dynamics of self~induction, see below, resisting the highe: frequency distortions of the Widnall azimuthal instability
(Morris & Miller 1984; Koshigos, Ho & Tubis 1987; Mouris 1938).

Linear instability calculations found hcated jes to be more unstable than cold jets (Gropengeisser 1969). Maore
recently, analysis shows temperature to display subsonically destabilizing and converscly supersonically stabilizing effects
toward the development of elliptic jets (Koshigoe, Ho & Tubis 1937). Global spatio-tcmporal investigations of a
nonhomogeneous Z:1 aspect-ratio elliptic jet at density ratios lower than the predivied onset of absolute instability did not
reveal any noticeable differences in the flow (Ho & Austin 1988). In the samc cility, suction applied to increase the
velocity ratio well above the predicted boundary also did not confirm the existence of absolutely unstable flow. Itis
possible thart either spatio-temporal calculations of axisymmetric jets are not directly applicable towards small aspect-ratio
elliptic jet flow fields and require re~<alculation, or absoluts instability may be confined to very localized regions.

1.3.3 Coherent Structures

Studies of isolated elliptically shaped vortex rings showe:l deforming vortices and axis switching (Viets & Sforza 1972;
Dhanak & DeBernardinis 1981). The coherent elliptic vortices have varying radii of curvature such that the section of the
ring in the major axis plane is convected faster downstream than the minor axis section by the inviscid nature of the
Biot-Savart Law mechanism (Batchelor 1967). Refer to equation (7). The faster moving section of the major axis section
conveets forward as it bends inward decreasing the local radius of curviture untl it inatches the radius of curvamure of the
minor axis scction which is simultancously moving outwards. This is the process of se/f-inductson. The properry of axis
swifching occurs when the inidally elliptic ring briefly sustains a circular conizguration toliowing a series of downsucam




distordons. Following axis switching, the major axis scction becomes the ‘new’ minor

K

Ie — axis section and reciprocally the minor axis section becomes the ‘new’ major axis
b e P rxds section. Refer to figure 20,
amf 3 These dynamics unique to three-dimensional jets only begin to uncover the

highly convoiuted three-dimensional evolution of the elliptic nng as it progresses
downstream in comparison to the ‘convendonal’ non-sclf-inductive behavior of circular toroidal rings. Viets & Sforza
(1972) and Dhanak & DeBernardinis (191) kave ascribed the azimuthal distribudon of vorticity along the elliptical ring’s
contour e be responsible for seli-induction in vorrex rings. Refcr to figure 21, The sclf-induction of small aspect-ratio
elliptic vortices is the czuse of considerably large antrainmenc rates in 4 2:1 aspect-ratio ellipdc jet (Ho & Gutmark 1987).
Sureamwise vortices, although largely undocumeited, exist in three—dimensional jets and have bee  visuyalized
immediately {ollowing the first vortex merging in nonhomogenecus 2:1 aspecr-ratio elliptic jet flows (H , Huerre &
Redekopp 1990). The fact that the streamwise structures are observed primarily in the major axis plane may only be a
consequence of the opdcal flow diagnostics.

1.3.4 Large Aspect-Ratio

Early experimental studies by Trentacoste & Sforza (1967) measured mean properties of 10:1 aspect—ratio rectangular
iets. Triangular and high aspect-rario, 6:1 and greater, elliptical and rectangular jets were investigated by Sforza & Stasi
(1979), Krothepalli, Baganoff & Karamcuetd (1981) and Krothapalli, Hsia, Baganoff & Karamchet (1982). Mean values
approached self-similarity beyond 30 jet diareters dowustream, many tnies farther downstream than in an axisymmerric
jets (Sfeir 1978). The investigators identified feur regions reflecting local stages of flow development, The first is the
potential core, characterized by constant mean velosivy; second, a characteristic decay region where centerline velocity
decays as a negative power; third, an axisymmetric ype region where the centerline velocity decays inversely with
downstream distance, and lasg, a fully axisymmetiic region.

The first revelation distinguishing three-dimensionui jets from their conventional axisymmetric counterparts was the
existence of different velociry profiles and spread rates in the mzior and minor 2xes regions. The mean velocity profiles
differed between the major and minor axes, respectively, indicating different spreadmg rates in the two planes perpendicular
to the main flow. Initially, the minor axis plane would spread more than the majar axis plane. The rransverse locaton of
wheic the local veludily cquals half the local centerfine valocity is termed the ‘velocity halfwideh’ and it characterizes jet
spreading. At a particular downstream location the velocicy naifwidchs in both axes will be equivalent. This has been
explained as the phenomenon of axis switching aud its locarion wes found to be liucarly proportional to the nozzle
2speci-ratio,

Enuainment values in large aspect-ratio jets were found to he similar to axisvmmetric jets because axis switching and
azimuthal distortion of the large-aspect ratio vortices occur further downstrsam. By this location the large scale simictures
have begun to be weakened [y azimuthal instabilities dissipating their vorticity such that these ‘less~cohierent rings can
not engulf large amounts of ambient fluid,

1.3.5 Small Aspect-Ratio

Visualization of small 2:1 aspect-ratio elliptic jets revealed larg= scale vortex mergings, three-dimensionally deforming
clliptic vortices, azimuthal diszortions 2nd up to three axis switching locations in the major and minor axes (Ho & Gutmark
1982; Guemark & Ho 1986). Planar visualizations ot vortex ring cross-sections showed inclined vortices with respect to the
nozzle exit suggesting a helical mode nature and many prominent strcamwise vortices (Austin & Schreck 1990). Refer to
figure 22.

Ho & Guwmark (1987) ineasured up to five times greater entrainment ratios and demonstrated the small 2:1 aspect~ratio
elliptic jet to be a passi s« means ofinueasing entrainment. Furthermore, ten dmes as much encrainment was measured in
the minor axis plane than in the major ax:s plane. This evidence suggests a second, and perhaps m:ore importang, entrainrient
mechanism in additon to vortex meiging— the self-induction of the asymmeuic vortex rings. Specifically, the increased
azimuthal deformadons in the vertical structure cause the minor axis section 1o move outwards thereby greatly increasing
the interfacial area permitting the engulfment of xore irrotational ambicat fluid into the jet. Refer to figure 23. Therefore,
the mechanisms of shear layer growtk are voitex reerging and vortex sel~industion. Measurements suggest optimum
mixing and enwainment to exist for elliptic nozzles having aspect-ratio bevween 2:1 and 3:1 (Schadow, Wilson, Lee &
Guemark 1984).

‘There exist noticeable differennes between soine parameters in the major and minor axes rcgnons The iniual momentum
thickness, snd hence the Stouhal number, St,, was found to be twenty percent smaller in the ming: axis than the mejor
axis, wl.c,rcds, the mos amplified frequency was consiant about the nouzle exit resulting in the instantancous shedding of
single vortices. In agreemsnt with the linear instabiliry analyst.s by Michalke (1965) and Morris & Miller (1984), the
frequency of the initial axisymmetric waves scale with exit velocity and the thinner initial momentum thickness in the
minor axis because that secuer of the shear lnyer is associated with steeper velocity gradients and hence, maximum
vorticity. The amplification rawes, —k6, ia borh major and minor axes are cqual aitheugh their peaks do not exactly co. cide
with predicted merging tocatuns (Ho & Huang 1982) most likely due o increascd phuae jitter of the large seales brought
on by severe azimuthal distortions.
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Peak turbulent intensities and poairjvc Rcy nolds shear suess conform to the inward motion of the major axis section
and the outward motion of the minor axis scction of the deforming vertex rings. The minor axis velocity profiles display
considerably higher spreading than the major axis velocity profiles. Velacity halfwidths and constant—velocity contours
indicate linear growth in the minor axis regions and nearly constant growth in the major axis regions. This evidence
reinforces the ¢xistence of greater entrainment and spreading in the minor axis region. Refer tg figure 24,

The consequences of axis switching are more dramatic in small aspect-rado three—dimensional jets. In large aspect-rato
three-dimensional jets axis switching is only observed once, if ever. Axis switching in low velocity small aspecr-ratio
three-dimensional jets continues up to forty diameters downstream and then the jet becomes fuily axisymmetric. The
number of such locations is dependent upon the density ratio (Austin & Ho 1988a) and jet exit Reynolds number (Ho,
Huerre & Redekopp 1990).

Near~field pressure fluctuations have been studied in fight of noise reduction, and they are produced by the merging
process at equally in both axes at subsonic velocites (Gutmark & Ho 1985). It has been shown that the source of noise in
low Mach number jets has its origins in the process of nonlinear saturation of the instability waves at the vortex merging
locations (Laufer & Yen 1983) and the maxima of most-amplified instabilicy waves are associated with these locations (Ho
& Huang 1982). However, recent measurements show noise to be due to the preferred mode in a high subsonic 2:1
aspect-ratio elliptic jet (Schreck & Ho 1990). In conwast, elliptic jets with aspect ratios greater than five display 2
difference in the pressure field between the major and minor axes regions (Voce & Simpson 1972; Browand, Chu & Laufer
1975).

1.3.6 Nenhomogencous Flows

Turbulent measurements in a nonhemogencous 2:1 aspeci—ratio elliptic jet revealed higher mixing and entrainment in
the minor axis plane, moderately higher entrainment ratios than 2 homogeneous elliptic jet and displacement of the axis
switching location upstream (Austin & Ho 1988a, 1988b; Ho, Austin & Hertzberg 1989). Side—jets were not observed in the
heated 2:1 aspect—ratio elliptic jet. Pressure and gravicy forces act only through the center—of-gravity of fluid particles and
cannot induce rotation However, in a nonconstant density field the center—of-gravity does not coincide with the center—of-mass
which allows pressure forces to induce rotation and generate internal vorticity. The baroclinic torque due to fluid accelerated
by nonaligned pressure gradients in a varying density fluid rnay figure in the vorticity dynamics of a heated flow The

Helmbolie vorucicy equation obrained by mkmg the curl of the Navier Stokes cquation describes the rate of change of
vorticity by strctchmg, tilting, thermal expansion, 3 Vox Up
viscous diffusion and barcclinic torque terms (Yih k GO iy.v wp=wp Vu-wpV-u fVVzm/p ¢ YRXYT
1969). Refer to equation (8). However, the Tau 1
baroclinic term has not been determined to be primarily

responsible for increased entrainment in a heated 2:1 aspect-ratio ellipric jet. Rather, the upstream shift in the locadon of
axis switching upon the addition of heat seems indicative that the inviscid effects of self-induction upon the vortex rings
have been enhanced in an as yet unknown mechanism such that more ambient fluid is engulfed upstreamn,

Experiments of a confined subsonic 2:1 aspect-ratio rectangular dump jet reveal the existence of transverse velocities
and the sx,ddenly expanding recirculation zone common in axisymmetric dump combustors 10 be completely supprcsscd in
the minor axis plane (Ho, Austin, & Hertzberg 1989; Hertzberg & Ho 1991). As a result combustion efficiency is improved.
Schadow & Gutmark (1989) extensively reviewed propulsion research on the improvement of subsonic and supersonic
combustion and determined the 3:1 aspect-ratio cllipucal nozzle demmonstrated higher spreading and improved combustion
cfficiencies over axisymmetric, square, rectangular and triangular nozzles at both subsonic and supersonic conditions,
Importantly, large scale coherent structures coinciding with local combustion regions have been identified in supersonic
dump combustors and ramjets admitting the possibility of controlling and enhancing real-world flows. Refer to figure 25.

Spread rates of compressible subsonic and supersonic shear layers are considerably less than in incomyressible subsonic
shear layer (Bogdanoff 198Z; Roshko & Papamoschou 1986). It is therefore beneficial to find higher spreading and entrainment
in the ncar field of a 2:1 aspect-ratio rectangular jet over an axisymmetric jet at supersonic conditions (Jou, Knoke & Ho
1988; Schadow & Gutmark 1989). This work extends the envelope of increased mixing performance in small aspect-atio
nozzle to supersonic conditions. However, for Mach numbers greater than 2.25 all types of jets appear to grow similarly.
The expansion and compression waves further excite shear layer instabilities switching instability modes and creating more
acoustic signals that feedback upstream. The geomerry of the supersonic exit nozzle determines the large and small mixing
characteristics (Gutmark, Wilson & Schadow 1989).

Other nonconventional and effective means of passively achieving controlled mixing and increasing entrainment rates
has been to modify the jet exit boundary conditions with crown-shaped nozzle extensions (Longmire & Eaton 1990) and
adding rapered nozzles of indeterminate origins (Kibens & Wlezien 1985; Schadow & Gutmark 1989).

I4 Rxcitatﬁun_l}ffects

The wurbulens free shear 1ayer is composed of quasi-—deterministic large scale coherent structures whose subsequent
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mergings are responsible for entrainment, growth and small scale producton leading to wransition. These organieed suuctures
are defined by unique passage trequencies and characteristic length scales. To increase mixing, the merging process muse
be controlled so as to obtain a spatially coherent merging pattern. It has been successfully demonstrated that shear layers
are especially sensitive to low-level disturbances and can be excited. Existng or new peiturbations can be further amplified
by the influence of external acoustic waves, an embedded splitter plate or three~dimensional corrugations at rhe flow
origin.

The phase speed of acoustc waves is much larger than phase specds of mcomproaszble subsonic flows thus cxcxccd
acoustic waves can only impart cnergy at the origin by converting acoustic energy waves into vortical instability waves via
the ¢railing—edge receptivaty (Morkovin & Paranjape 1971; Crighton 1981). As a consequence, higher Mach number experiments
can be directly excited (Tam 1978).

It is known that the most amplified wave is due to a naturally selected amplitude and phase reference. Periodic forcing
smoothens phase jitte: ard increases coherence of the large scale structures by exwacting energy from the background flow
and simultaneously reducing background turbulence. This process strengthens the phase reference of the large scales
permitting more convenient spatial idenuficadon of the structures. Forcing at a certain frequency with large enough
amplitude leads to a response by the shear layer at that particular frequency and usually induces vortex roll-up ac a
frequency which is a specific harmonic of the forcing frequency.

1.4.1 Moao-Frequency Forcing

Artificial forcing was shown to ‘flesh out’ or strengthen vortices (Wygnanski, Oster, Ficdler & Dziomba 1979; Browand
&. Troute 1980). Actve acoustic forcing arganizes large scales and has considerable influence on the vortex merging process
(Ho & Huang 1982; Oster & Wygnanski 198%; Fiedler & Mensing 198S). Forcing at the fundamental or natural frequency,
f , (mode I forcing) reinforces individual vortices and lessens influences from neighboring ones which delays vortex pairing
at the first subkarmonic, f /2, and discourages growth of the shear layer. This forcing arrangement increascs the efficiency
of energy transfer from the mean flow to the large scale structures (Zohar, Foss, Ho & Buell 1990).

In marked contrast, mode 1 forcing at the first subharmeuic bypasses vortex merging and proceeds dirccziy to the first
vortex pairing, Numerical calculations re-affirm mode II results (Riley & Mercalfe 1980). In general, Mode “m” subharmonic
forcing at the m-1"st subharmonic, {_ = f /Z'“' sl-ups the first m - | mergings and introduces a frequency-locked shear layer
that promotes the amalgamadon of up to “m” vorucss inio a larger vuiex au the point where the frequency, T, peaks i
amplicude. Reter to figure 26. Hystcrcsis is observed between forcing modes. This mechanism, the collective tnieraction,
interacts with as many as ten vortices and greatly increases spreading in the mixing layer (Ho & Nosseir 1981) and enlarges
the momentum thickness (Oster & Wygnanski 1982),

Subharmenic forcing induces vortex pairing under non-dispersive conditions in agreement with the dynamics of
‘natural’ shear layer perturbations (Ho & Huesre 1984). The phase specd of the subharmonic disturbances should march
the large scales’ convective speed to enable most efficient energy transter beoween the modes (Petersen 1978; Cohen &
Wygnanski 1987).

Forcing an axisymmetric jet establishes the best response at $¢=0.3- the preferred mode (Freymuth 1966). Crow &
Champagne (1971) found similar results and observed collective interaction-like events. Forcing at the preferred mode
delays subharmenic vortex roll-up and merging by locking the large scale structures into the passage frequency of large
scales at the end of the potenual core and causing large vortices to roll-up. The intensity peaks of the fundamental and
subharmonic waves also shifted upsrr=am with increasing iorcing levels, Low-lovel forcing hias been show to affect the
large scale coherent structires in an axisymmernc jet (Reynolds & Boachard 1982). Forcing at che preferred mode is also
the most cfficient method of scousuc forcing because it requires the least energy input (Wygnanski, Oster & Fiedler 1979;
Guumark & Ho 1983). Increasing th# forcing amplitude by very large amounts shifts the peak of the fundamental upstream
{Freymuth 1966) as well as the merging location (Ho & Huang 1982). Typical excitation forcing jevels are 0.01% to 0.1% of
the mean velocity, Reynolds & Bouchard (1981) forced an axisymmeuic jet at extremely high levels of 17% inducmg
vortex rings to revolve abour each other and merge into a large: structure. In gencral, lower forcing frequencies require
larger amplizudes to affect the flow and chis is visible from the instability curve showinz a linear increase in growth rate at
small Strouhal numbers. In an axisyinmetric jet (Crow & Champagne 1971) and in a mixing layer (Zohar 1990), it was
determined that forcing smplitudes saturate bevond a cerrain energy input level and can not further atfect the flow as
indicated by an asymprotic lirnit in che number of small scales produced in the forced mixing layer cass

Moderately forced elliptic vortices behave similarly to isolated vortex rings (Ho & Gurmark 19834, 1983Db). Schadow,
Wilson, Crump, Foster & Guunark (1934) and Gutmark, Schadow, Parr, Harris & Wilson (1985) performed subharmonic
and preferred mode forcing on ramjets with three-dimensional nozzles at operational conditions o control the unsteady
pressure oscillatiens responsible for certain combustion instability modes. Vertex roll-up occurred in a fashion similar to
homogeneous non-reactiryg jers and the growch of the shear layer was increased. Thy forced coherent vortices dissipate
sooner upstream regarding them unsuitable to interact with pressure oscillations ia the hopes of ieducing combustion
instabilicy (Schadow, Guumark, Parr, Wilson & Crump 1987).

[.4.2 Multi--Frequency Foreging
The phase difference, v, between the fundamental wave and its subharmonic is crucial to vortex merging and
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subharmonic growth rates decrease by varying w between 0 and  (Arbey & Ffowes Williams 1984; Zhang, Ho & Monkewitz
1985) and has been numerically observed (Kelly 1967). Furthermore, numerical simulations of forcing at zery phase
difference the structures are of equal size and pair normally, but at anti-phase forcing, W —» 1, the two merging voruces are
of diffcrent size and ‘shred’ (Riley & Metcalfe 1980) although the latter resule is in dispute (Zhang, Ho & Monkewitz
1985). By varying the phase difference and amplitude ratios between fundamental and subharmonic frequencies in an
axisymmetric jet yielded varying vortex pairing or shredding locations, increased momentum thickness, larger Reynolds
suesses and faster shear layer groweh (Ng & Bradley 1988).

Forcing at multiple frequencies increases the number of control variables~ frequency, amplitude and phase reference
{Wygnanski & Petersen 1987). The different frequency compenents are known to nonlinearly interact in a type of nonlincar
mode comperstion which depends upon the amplitudes and frequencies (Ho & Huerre 1984). Miksad (1972, 1973) acoustically
forced a mixing layer at two frequencics and observed the nonlincar effects upon the growth and gencration of various
modes. Combinations of axisymmetric and helical forcing modes create ‘blooming’ or ‘bifurcated’ jets with very iarge
spreading angles and entrainment (Lec & Reynolds 1985; Parckh, Leonard & Reynolds 1988).

Harmonic and subharmenic forcing with variable phase diffcrences allowed for control of the nature and lovaton of
vortex pairing in crown-shaped nozzles (Longmire & Eaton 1990). Energy is vansferred more cfficiently from the mean
flow to the vortices of the respectively forced subharmonic modes. Therefore, forcing at subharmonics of the fundameneal
supplics the maximum allowable energy to the frequency-locked structures (Zohar, Foss, Ho & Bueli 1990).

Fxperimental helical forcing of axisymmetric jets at multiple frequencies radically altered the shape of the axisymmeuic
flow approximating an elliptical jet for modes 1 and to a square jet for modes 2. The spreading rates and entrainment
were increased and were comparable to an unforced 2:1 aspect-ratio elliptic nozzle although no axis switching was reported
(Strange 1981; Long & Petersen 1989). The coupled dynamics of subharmonic forcing at multple higher order modes ana

shear layer spreading processes are believed to lead 10 triad resonances or controdled resonant interactions (Long & Petersen
1989).

1.4.3 Control of Small Scales

By imparting energy to large scales through muld-speciral forcing, the resulting cnergetic structures should produce
more small scales during merging events. Control of both the spanwise and streamwisc structures as welil as an increase in
the number of small scales by p to 50% were realized by harmonic plus subbamonic forcing in a mixing layer (Zohar
1990). Forcing the fuel teed ot 4 reacting axisymmetric jet at one magnitwde higher than the preferred mode shifted the
transition region upstream initiating intense combustion (Cutmark, Parr, Hanson-Parr & Schadow 1989). Refer w figure
27. Increasing the producton of small eddies through acoustic forcing will prove to be helpful in fing-scale and combustion
processes.

All free shear layers, whether natural or forced, may be considered o be ‘perturbed’. Therefore, 2 more consolidated
overview of free shear layers, both nacural and forced, can be obtained by plotting the local Strouhal number of the forced

frequency versus streamwise cocrdinates normalized by the feedback equation integer paramecer, N, along 2 common
curve (Ho & Huerre 1984). Refer to figure 28.

L5 Small-Seale Mixing and Combustion

Hear release in subsonic 2nd supersonic chemically reacting flows is belicved to be associated with vortex dynamics.
Large scale mixing provides the bulk mixing between the fuel and oxidizer inside combustion chambers and small scale
motions dynamics give rise towards finer mixing and initiate reactions leading to combustion, When heat is released in a
chemically reacting turbulent shear layer the resulung flow is characterized by 2 nonconstant density field. This imposed
nonhomogeneity couples the effects of fluid dynamics to chemisury. [t is imporwant to understand the direcdy coupled
effects that curbulent shear flow and combustion processes have upon cach ather.

The reasons for controlling combustion are three-fold, to raise the amount of energy released and increase thrust, w
extend flammability limits thereby breadening the operational range 2:d to elimirate potentially disastrous combustion
instabilitics. Unsteady combustion combined with periodic heat release amplifics pressure oscillavons of high amplitude
and uiggers the onsct of combustion instability (Harrje & Reardon 1972; Culick 1982). Therefore, to control and improve
combustion characteristics one needs to passively, if not acuvely, direct the develosmental processes of coherent stiuctures
in shear flows.

The mixing regions of fuel injec.ors inside combustion chambers are believed to behave like their homogencous
non-reacting counterparts. Large amounts of unmixed fluid is entrained into the shear lzyer by the induced velocity field of
the large scale vortices and molecular diffusional mixing is accelerated by large strain fields. Refer w figure 29. Fluid may
also be entrained by vortex merging superceding diffusional mixing such that low—speed, ambicnr Auid is ingesiad (Broadwell
& Breidenthal 1982). The structure of chemically reacting mixing layers depends on asymmeuic entrainment, mixing
characteristics and finite~rate ' :action kinetdics (Masutani & Bowman 1986). Retfer w figure 30,

Heat release from combusrion decreases vortex merging and velocity gradients in plance mixing layers (Hermanson &
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Dimotakis 1989). Numerical results by McMurury, Riley & Mercalfe (1989) identified the baroclinic tarque and thermal
expansion terms from the Helmholtz vortcity 2quation for noncenstant density to be responsible for changes in the
velocity profiles and reduced vorticity concentra:” 5 within the cores of the vortices. Decreasad turbulent shear stress was

oi‘ered as an explanadon for decreased shear Iay. . growth inferring decreased momentum wansport by the vortices in the
outward radial direction.

I.5.1 Coherent Struciures

Products of chemical reactions concenira.e within the large scales and in particular among the small scale regions
(Breidenthal 1981). Combustion processes appear to be phase-locked to large rcale mouons which in turn modulate the
dynamics of small scale mixing (Gutmark, Schadow, Parr, Parr & Wilson 1987). This reinforces thz possibilities of direcriy
conrrolling combustion Lecause the methods for controlling coherent structures in homogencous shear layers both passively
and actvcly may bz employed upon combustion systems.

Planar laser induced fluorescence flow visualizavon of hydroxyl concentradons indicate that combustion begins within
the circumferential of large scale vortices where smaller secondary three—dimensional eddies are produced (Gutmark, Parr,
Parr & Schac v 1989 As tae flow develops the regions of combustion propagate into the vertex cores and heat is
periodically re o Ls el vurtox merging accelerates combustion by contributing to the production of small scales.

Com.busrion «x * <= -w.xasured ainong the streamwise vertices joining the large scales together. It is belicved that the
onset of small scales . rovars simultaneonsly with the beginning of transidon to turbulence in homogeneous shear layers
(Breidenthal 198i). The locations of small scales appear o overlap with zones of ccmbuston in reacting shear layers and
increased small scale pivduction inzizas. - Ane-mixing which enhances combustion. The combustion process has also been
demoensuated to occar orior to the -+ . sortex merging when the fuel and air mixes and burning is sustained. When e first
vortex merging is delayed chrough preferred mode forcing, the drivers of combustion instability, pressuve oscillation

amplitudes, are reduced. In addicon, flammability margins and overall combusticn efficiency are increased (Schadow,
Gutmark, Parr & Wilson 1989),

1.5.2 Excitation Effects

Swong forcing has shown to tear the ‘braid’ region joining adjacent large scale vortices, forming large velocity gradients,
increasing swretching and straining and reducing the number of flamelets and cuenching or cxitinguishing combustion (Givi,
Jou & Metcalte 1986; Gurmark, Parr, Pair & Schadow 1989). Active forcing ¢ f the duct accustics in cunjunction with the
passive employment of small 3:1 aspect-ratio ¢lliptic nozzles, sharp—cornerceé: triangular nozzles, tapered slot nozzles and
multi-step nozzles havs all proven to enhance various combustizn processes, Schadow & Guemark (1989).

Itis evident then thatcombustion is an extremely complicated process involving fluid dynomics, chemical kinerics and
acoustic interacdons. Consequently, combustioa is affected by many variables— velocity, density, pressure, specins
conceatrations, vemperatre, and so on. One of the principle drivers of combustion is the productjon of small scales, and
this dictares the understanding of large-scale mixing and ‘ts relationship with fine-scale mixing. Therefore, the next best
thing to the analysis of a reacting shear laye: is performing fundamental research on a wirbulent non-reacting free shear
laycr without the added complicating effects of chermistuy and confinement. Itis in this light thac the small scale topalogy
of 2 2:1 aspeci-ratio eliptic nozele will be investicated

1. EXPERIMENTAL FACILITY AND TECHNIQUES

ILL Jet Facility

¢ r—— =gy e——

e experimenual jet facility is driven by as many as four Windjanmer® centrifugal blowers arranged in pruallel and
enclosed withio a chamber which filters intaked an from the sursounding laborotory. The blowers are powered by single-phase
12UV vadacs that vary iwozzle speed. At the nozele eatt, the maximum velocity is 85 m/s, which a')pxoaghcs the liriv of
e ressivility. Ina siailer vein, tiree-phase 60 powerstats power two paral'cl Western Gear® clectric heaters and
sup o' -urable heat to the flow. The heaters are located downstecam of the blowers and are capable of raising the exit
LEMPEIATULE L0 3 maximem of 220 { whick Porrespmms o a de mty rauio o7 0.64. The nutlet of each heater i1s montitored hy
a Fenwall® 1J334 thermistor to indicate potcxmax overheaung of the 12t facility. A very small temperature rise of fifteen
degrees may bu added o slightly contaminate che flow in order to use heat as a wacer, or temperature may be increased w
isulate teraperature influcnces on the doformavon of the vertices,

Dowpsueam ot the Llowers and heaters, the Aew enters an aneshoically teated cytindrical chamber damping ‘organ-—-pipe”
a s sstir modes that might resonace with sheur liyer frequencies and modify the preferied mode, Perforsted steel plates
Lined with temperatuie-resistate: insulauve mineral wool reduce passage noise from the blower blades. Hot-wise

14




measurements just inside the nozzle lip did not sense any acvustic {requencies at varying jec velocities verifying the
‘cleanliness’ of the flow. The exit dow has a low turbulence ievel and is 0.4% of the mean velocity. Flow visualization of
the nozzle exit confirms the existence of an initially laminar flow.

The flow connacts and enters an aluminum constant diameter circular stagnadon charber where it is madc more
uniform and turbulence and rotational swidl are decreased by passmg threugh aluminum honeycomb, Duocel® alummum
foam, and a serics of fine 40x 40 wire mesh screens. The nozzle is casted from temperature resistant "TM&W Industries®
PR49Z0 aiuminum filied €poxy resin composite, and the inside wulls smoothly contract along a fifth-order polynomial
contour to a 2:1 aspect-rauo ellipticai orifice. The arca contzacton ratio is eighteen to one. The dimensions of the major
and minor axes of the nozzle are two inches, ‘2a’, by one inch, ‘2b’, respectivelv. Kefer wo figure 31. T'he semi-major axis
length, a, will be the typlcal scale for nondimensionalizing lcngths and the hydraulic diameter, D, = 4A/P, where A = map
and P = 2n{(a%+b%)/2}'7, will be required for normalizing against axisymmetric and asymmetric jess.

1.2 Facility Modifications

Early problems plagued the jet ficility provoking distortions in the mean flow field and necessitated secondary design
changes. The heaters Lave been relocated further upsuweam and were replaced by different heaters that permit flow over
heauny plates replacing the previous atrangement where heating coils disectly disturbed the flow. A butterfly diaphragm
was iniually located immediately downsueam of the blowers acting as a passive emergency hezster shut down system in the
case of flow loss and preventing facility damage. The diaphragm was removed duc to its negating cffects upon the flew and
there 15 no current fail-safe system 11 operation. The section of honeycomb was replaced upon the discovery that its cells
were not properly vertically aligned and were inducing a small swirl to the flow. Ar anechoic ch:amber was inseried to
dampen potenual acoustic perturhations.

Ambient conditions in the Rapp Research laboratory are far from clean and a miniaturized cican room employing
corton barting filters air for the blower arranpement’s intakes. Following this implementation hot- and cold-wire seusors
have endured considerably longer due to fewer damaging strikes by accelerated specks of dust. The high temperatures
posed a very demanding problem regarding the manufacture of sensor probes. Attempts at producing hot-wire probes with
ceramics, high—temperature ¢poxy or siiver soldering resulted in stray capacitance problcms :md c]ccmcal noisc. Thereupon,
all prebes were purchased o snecificanon. Insulation of the jet ......Iu, was initially jeovided by fibergiass, then minera
wool and at the present there is none for health concerns. The internor of the jet’s ancchoic chamber was also insulated
with miineral wool to fortify acoustic darnping, however this too has been removed due to pordons of the material {laking
off and contaminaung the laboratory environment It remains 1o be ested if the facility will provide a non-irricating, clean
and quiet flow.

I3 Data Ag‘guisition Mnalysis

11.3.1 Instrume.indon

Instantaneous velocity signais are samplcd by a high-temperature Dante:® 33171 single wire hot-wire prabe. /
balanced-bndge constant-tempeqature Sircui: supphcs current ro th s aneraometes at a 60% overhear rato and nmudm a
tiar frequency response o 30 kHz. Li's wisc, instantaneous temperature signals are mmplcd by the pre uously stated
probe or simultancously with velocity signals by « high- ~temperature Dzntec®55A75 dual-wire paraliel probe. For -emperature
sensitivity the hut-wire is operated ata lower overheas ratio of 0.005. Tne resultant cold-wire has a morce limized frequericy
response of 300 Hz.. Constructon and tesung of the constant current anernometer was in accord with Weidman & Browand
(1975) and Anronia, Biowne & Chambers (1981). The low response region berween the originat tme constant and the
noise cutoff frequency of the cold wire is extended to 3 kHz using digial fre guency compensaton techniques (He, Puere
& Redekopp 1990 and the large freguency noise is FIR flter sinvothened (M Clellan 1976). The sensor element consists
of 0.0002" diamcrer platinum-1G% rhodium wire soldered t a 1| mm wide probe using high ~temperaw, e 60% un-49%% lead
solder.

lhr-wuc voltages are calibraied in the potential coi: against mean pressures mLasurcd hy 1 preot tube con: x(,(.[(‘d ta
Vlhd)nc CD1i2 pressure transducer. King's Law provides the nuz.,.wry relationship, B « A + B U (or Nusselt = A & B
(Péclet'™)), Blackwelder (1981), and the constarss of the resulting fourth order polynomial are obuained by Imc.u least
squares ficting. In the context of this investigation, the Piusselt number which is a dimensionless group of the hear ransfer
cocfhicient and lengih divided by the heat conducuvity depends upon the Reynolas number and non-uniform temperatures.
The Pécler number represents the ratio of heac advection by che heat conduction and depends vpen the Reynolds nuraber
ut thus study (the Prandd number yemaining consting).

T cmperature signals are calibrated versus mean wmperatie measurements by a Fenwalt® []334 chermistor or an
Omega® RTL thin film platisum resistance ¢ probe yielding nearly zesvrate second order fits. Hot-wire calibradon becomes
complicated 1 the presence of nonconswant density because the constants in King's relationship are instant functions of
remperatute. Che eathiest simulanevus measurements of velocity and wemperature with hot- and cold-wires cmploying




King’s Law was pesformed by Corrsin (1947). Recently, Ali (1975) determined a different relaniomhip between velocity,
hot-wire voltages, V, , and cold-wire voltages, V,,, where, K, V_ and C; are constants. Refer to equation (9). The unknown
cocfficients, C, are obtained by performing a lcast squares ﬁt to the nonlinear equation which is initially lincarized by a
Taylor cxpansxon Refer o equation (10).

The probes are mounted on a traverse system
translatable in all three-dimensions with a spatial
1 . resolution of 00016 mm. A PC microcomputer controls
= S — KV [K5V°W (1-K3) <] three Slo-Syn® DC stepper motors which drive the
Ka{(1+a) Vo= Vo respective axes of the traverse system. Up o sixseen
channels of data are simultaneously digitized and
C1 ViwVew , Cz \iw recorded by a PC AT microcomputer controlled RC

—> fu = +Cq4Vew + Cs . . S
Cy— Ve C5— Elecuonics analog-to-digital converter at up 0 1 MHz
acquisition rates, Typically only four inpuc signals are
required: hot-wire, cold—wire, pressure and mean

temperature values.

I1.3.2 Measurement Technigques

A-D-C sampling rates are selected to insure the acquisition of at least 10-20 samples per period and including
500~1000 periods of the passing structures to obtain a stausucally me.mmgful populauon sample. Signal processing and
analysis is performed on a PC AT microcomputer and image processing and fiual analysis is performed on an Apple®
Macmtosh Iifx. Me2n values and root-mean-squared fluctuations are obtained from long tme—averages.

Elliptic jet flow field 1s highly three—~dimensional and the flow field can noz be realistically mapped out by radial cuts as
would be the case in an axisymmetric flow. Instead, the entre cross—sectional area of the flow is investigated and after
performing symmetry checks this is reduced w one quadrant of the flow. Sampling along the major and minor axes
provides mean and fluctuating profiles of velocity or temperature, respecuvely. The velocity profiles indicate jet halfwidth
sprcading rates and axis switching locations. The entrainment is measured by sampling velocity and temperature (for
hcated flow) across 25 by 25 grid points separatcd by "Ax’ and Ay’ at crass-sectional quadrants downstream. The total
amount of massflow becomes the summation of the product of density, velocity and incremental area, AxAy. Checks can be
made by insuring the total momentom flux, 3, plfoAy, 1s constant at the same cioss—sections. Measurements revealed the
rotal momentum to be constant in the poienual vore and 1o decrease no greater than five percent at locations farther
downstream (x/a > 6). This ‘missing’ mass is probably duc to the existence of small velocities (u < 1 m/s} near the edge of
the flow and consequenty are indistingnishable by the hot—wire or pitst tube from A-D-C bit n:oise.

11.3.3 Analysis Techniques

‘The tast-fourier wransform implementing Welch's 4-point algorithm (Cooley & Tukey 1965; Brigham 1988) calculates
the one~dimer.sional 2nergy spectra from which peak frequencies may be inferred. Fluctuating temperarure signals are
statistic-lly analyzed to obtain probability deunsity functions of the temperature distributions, For heared measurements the
density of the flow is calculated as 2 perfect gas. Refer to equation (11). The dynamic viscosity is then calculated using
Sutherland’s equation (Bertin 1984) and the kinematic viscosi v becomes v = Wwp. Refer to equation (12). Two flow
parameters, the RCyno!ds numibers, Re, ~ 3x10* and Re, ~ 1300, and the Richardson number at maximum exit temperatuie,
Ri=g '(1-8)/(S UY~ 10 clearly dcrnonsuuc the dO'mnancc of incrual forces over both viscous and buoyancy furces.

. - \ ~ fe includ ; d he

i 1.225| kg/m3] x 288.15] K <ources of crror include measurement errors due o the

5 olT) Lkr’-,‘/ms] = [ .4 - ] L] acuvracy of the hot-wire anemomerer , +1mV; the cold--wire
1 .[K] anemometer, H.01n.V; the pressure transducer, +0.0175 m/s;

the thermistors and plaunum resistance sensor, 0.1C; A-D-C

K| ‘bit’ noi inin lution; +5mV: and randemly

{kg/s ml = 1 458 % 10! ’I[ it' noise, or minimum resolution; £5mV; and randemly

M IKE/S 1{1,] 110.4) ovccurnng 60-Herrz background noise. Considerable electrical

noisc is reduced by regulating the supplied 25V DC power
in the het—wire anemometer circuits, and noisc is virtually climinated by powering the cold- wire anemometer circuits with
12V dry cell batterics. The reading accuracy of 2 water mancmeter used to calibrate the pressure tansducer is £).5mm.
The resolution of the A-D-C is the limiring point of the acquisition and analysis system and if necessary can be decreased
by lowering its £10V input range to 5V with a resistance modification at a specific location in the circuit. The probe
location in x, y and z is uncerain to £4.0016 mm. The (et is mounred vertically to climinate effecrs of gravity and the
chamber housing die facility is considerably il enough, > 274 jet diameters, wo disregard potential feedoack from downstream
reflections.



11.4 Forcing Facility

A small forcing chamber is machined into the nozzle exit allowing four acoustic inlets. Refer to figure 32. Four
Dynaudio® type D-21 speakers with a response range between 100 Hz and 35 kHz acoustically pertarb the flow and their
output signals emit at opposed ends of the major and minor axes at the nozzle exit. This placement allows for axisymmetric,
dsymmcmc and helical forcing modes with the phase differences betwccn the speakers provided by a variable phase-shifung
circuit. The speakers are powercd by _a pair of two—channel Carver® M-200t 120W per channel power amplifiers. The
output is synthesized by cither 2 B&K® functon generator whzrh sends continuous sinewaves, a simple arbiurary waveform
uansmitied by a PC microcomputer controlled RC Elcctromcs Waveform Genarator or 2 more complicated high—frequency
waveform may be sent via a 12—channel Data Translation® DT-2814 digital-to-2nalog converter.

IL.5 thical_l::le Diagnaostics

Flow visualization of heated jet fiow is a simple and helpful tool t¢ aid in the analysis of the dynamics of turbulence
(Liepmann & Roshko 1957; Merzkirch 1987). Visual evidence of the small scale suucture of a flow can be obuined if
temperature fluctuadons are present in the turbulence. Temperature gradients are steepest when they are associated with
the smallest eddies, and any optical system sensitive to such fluctuating gradients ‘sees’ the small scale structure of
turbulence. However, the usefulness of flow visualization becomes severely degraded in the near ‘chaouc’ three~dimensicnal
turbulent regions downstream of the flow where higher—order instabilites increase the ‘wrinkledness’ of the intermitent
interrace.

Density gradients in the flow are visualized by means o1 a sharp focusing schlieren system and recorded by conventional
still and motion photography. Fecusing Schilieren is a non-intrusive flow visualizaton method (Burton 1949; Kantrowirz &
Trimpi 1950; Weinstein 1991). It yields more qualirative as well as quantitative data than conveatonal schlicren and
shadowgraph methods which are only useful in flows having wanslational symmetry becausce they integrate intensity aiong
the entire light path. Visualization of individual plane sections of finite depth is passible within the turbulent flow. Actual
planar slices reveal ingividual cross-sections of large-scale vortical structures and small-scale three dimensional turbulence
In :he Jet

In the basic schlieren system ordinary white lighe is focused into parallel beams by being pass=d through a lens and
transmitted across a test section. This line-of-sight integration drastically limits the ability to study the inner structure of a
three -dimensional flow field. The Focusing Schlieren system uses multiple light sources by passing light through a grating
whose lines are aligned parallel to the mean flow swdied. In rthis manner many beams of light pacs through any given point
within the tes: section and subsequently there will be many beams of deflected light within the test section. Finally, there
must be muldple knife edges or cutuffs to focus and filter the incoming rays. A screen receives rays which have passed
through one given peint. Other points intercept and deflect these rays but none of the rays focusing upon the screen will
have encountered any points in common, along their respective paths. Only the deflecton from the common points within
a plane in the test section will contribute to the intensity of light at the screen. Other planes remain out of focus and their
offset images blur out as in the focu ing of ordi.lary camera lznses. There is only one moving part, the screen which is
mnslatcd forw"rds and backwards 0 visualize different planes in the test section.

The size of the flow rcbxun in the near iieid of the eliipuc jet dictates the minimum bIZC of the necessary optics for
visualization. White light is emitted from a variable strobed ]lght source, General Radio® 1540 Strobolurme Oscillator,
controlled by a function generater. Light is collimzted by a 10.5" focal length Edmund Scientific® Fresnel Lens and passes
tiirough Ronchi Rulmgs consisting of vertical 5 line per inch fringes. The fiinge pattern was computer generated and
laserprinted onto 3M® transparency paper, Light rays penetrate the Alow region, are focused by a 10 inch converging lcns
and then are deflected by a second set of Roachi Rulings. The second Ronchi Rulings were created by placing Kodak®
Ektapan 8" x 10" black and white photographic paper at che locatien of the second Ruling: and brietly exposing it to the
image created by the first set of Rulings. The resultar:t film is developed s0 as to obtain very dark fringe patterns. This
sceond set of fringes is aligned with the first set of fiinges undi an interference image of moire patterns vanishes. The final
planc image within the Aow appears on a cardboard viewing screen behind the second Ronchi Ruling or on ground glass to
allow camera recording (Austn & Schreck 1990). Refer to figure 33

Recording of the : ‘mages on the ground glass screen was done by an ELMO® SE 301 black & white CCD TV Camera
connected to a Panasonic” TL AG 6750 Super VS Vmco Cassette Recorder and Panasonic® CT 2010-Y Color Video
Menitor. Sull black and white images were tzken by 2 Nikon® F4S 35mm camera with a Vivitar” 1:4.5 macro fecusing zoom
fens on Kodak® TMAX 100 and 406 ASA filni, Siper-VHS or ‘/Hb videotap : of the flow is digitized on a PC AT

irivictomnuier, and subsequently enhanced and chalyzed on an Apple® Macintosh 1fx microcomputer or a Gould® 1P9000
workstauon in the furure.




III. CURRENT RESULTS

11,1 Mean Flow Field

—

Measurements have been carried out in the steady state flow of a subsonic homogencous 2:1 aspect—ratio elliptic jet
and have confirmed previous results (Ho & Gutmark 1987) that reveal the elliptic jet to have markedly increased mixing
qualities over an axisymmetric jet. The addition of heat was found to further modify the voiticity distribution in the
coherent structures and further intensifying the spreading and mixing characteristics of the elliptic jet. All experiments
were performed in the same facilicy, and elliptic and axisymmetric nozzles with equal cxit areas and Reynolds numbers
were employed thereby removing any potential bias. The parameter space of the current study included subconic velocites
from 20 m/s ro 85 m/s and temperatures ranging from the ambient to 220° C. For nonhomogenesus fiow the facility is
allowed to warm up and reach steady state conditions (approximately one hour) in order to sample mean velocicy and mean
temperature measurements at the same grid locations but separately in time.

II1.1.1 Mean Velocities

Mean velocity measurements in nonhomogeneous flows, whether by piot tube or hot—wire, yield mean total pressures
from which mean velocities are calculated with the knowledge of the mean temperawre at that location. Refer to equations
(13) & (14). The static pressure in the elliptic jet is approximately 1-2% of the total pressure throughout the flow and is
decmed negligible in the velocity calculations. Measurements of the initial niomentum thickness confirmed previous
findings of the existence of a nonconstant momentum thickness
about the nozzle perimeter: The momentum thickness is 13% thinner
in the minor axis region than the major axis region. Furthermore,
& p(Ly,z) = p, T,/ T(x,y,2) the momentum thickness varies with the inverse square root of the
exit velocity, similar to axisymmetric ‘]ets The most amplified
frequency is determined to vary as, U™ 4 and the length scale of
[N . ; the inital vortical siructure seales as, U . Monhomogcncous flow
? P—Pmuﬁ%p(x,y,z) uCx,y,2) did not noticeably affect the inital momentum thickness or the

most amplified frequency.

The mean velocity profiles emerge at the exit with a wp-hat j rofile and evolve iaic bell-shaped prefiles Jownsueam
resembling asymmetric and axisymmetric jets in general. The sy eading of the flow due o self-inducuon is difierent
between the major and minor axes. At low velocities the shear layer in the minor axis region expands by spreading out into
the ambient region as evidenced by the increasing velocity profiles. However, the ‘narrower’ velocity distribution indicates
the shear layer in the major axis region spreads into the potential core. Refer w figure 34. Velocity contour plots clearly
indicate larger spread rates in the minor axis direction and illustrate 2 nearly circular mean velociry distribution between
four and eight semimajor axis lengths downstrearn— the region of axis switching. Refer o figure 35. Velocity haifwidths
emphasize linear growth of the minor axis region and 2 neac constant state of affa:rs in the major axis rcgion The first axis
switching location is evident in the neighborhood of x/a = 7. Downstrearn of the first eight semimajor axis lengths boch
regions grow at z nearly equivalent linear rate. At higher exit velocitics the difterences between the respc.cnvc. sprcadmg
rates become less pronounced as evidenced by only slightdly more spreading of ihe velocity halfwidths in the miaor axis
region than the major axis region. The centerline mean velocity remains constant up to five sernimajor lengths confirming
the length of the potential core to be in agreement with conventional jet dimensions.

111.1.2 Mass Entrainment

The primary purpose of investigating the elliptic jet is to measure the mass entrainment and, hence, large scale
mixing. The entrainment ratio is defined as the ratio of the local masstlow at a cross—section to the massflow at the nozzle
exit, Q(x) = {Q(x) - Q,)/Q,, where the local massflow is defined as, Q(x) = b .ﬁi(y,z) Ui(y,z) AyAz [kg's], which is summed
over all grid locations across a given jet cross-section. Entrainment measurcments for varying velocides in the homogeneous
ellipuc jet agrc =d with the ealicr spectacular results of Ho & Gutmark (1987). The minor axis region, detined by ‘arbitrary’
diagonai borders set 2t 45°, entrains at 'east five uimes mere than the major axis region. This strongly asymmetric distuibutinn
of entrainment abcut the elliptic jer flow fieid is the primary evidence for the proposed entrainment mechanism of

self-inducting azimuthally distorsed elliptic vortex rings rather than the merging of vortices as found 1a mixing layers and
axisymmaetric jets.

111.1.3 Veclocity Effects
Two prominent features associated with the flow, the location of first axis switching and mass entrainment, were found
Lo vary sipnificantly with varying exit velocity. The location of the first and only detected axis switching of the elliptic
vortices increased downsweam in direct proporiion to the mean exit centerline velocity. Measurements of the mass
entrainment decreased with increased exit velocities. Refer to figure 36. These results reaffirm the eaistence of 4 srong
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corrclation between the dynamics of the elliptic vortex rings and their associated axis switchings with mass enuainment by
the large scales in the flow field of a 2:1 aspect-ratio elliptic jet. The maximum exit velocities correspond ro Mach 0.25 so
that these results hold only for a subsonic incompressible elliptic jet although these results are consistent with the fact chat
supersonic jets have smaller spreading rates and entrain less mass than their subsonic counterparts. These results may

suggest a Reynolds number dependence in which the initial boundary layer upstream of the nozzle might be modified in
both axes’ regions .

111.1.4 Nonhomogencous cffests

Temperature was increased to investigate nonhomogeneous effects on the development of an elliptic jer and heat was
also employed as a contaminant to trace the large scales. Heating the ellipuc jet further enhanced the already large
spreading rates and the velocity profiles indicated an inner growth in the major axis region of the shear layer and an outer
growth in the minor axis region similar to the homogeneous low-speed case. The resulting nonconstant density distribution
in the jet modifies the dynamics of the self-inducting elliptic vortex rings. This is manifested in the corresponding velocity
halfwidths wherevpon the location of axis switching for a heated elliptic jet with the exit velocity held constant translates
upstream from x;a = 7 to x/a = 5.7. This is a 20% reducton in the axis switching location for a 25% increase in absolute
temperature, Refer to figure 37. Nonhomogeneous centerline mean velocities are vircually identical to their homogeneous
counterparts and the length of the potential core remains unchanged.

Additdonal measurements of nonhomogencous effects at varying exit temperatures confirmed the inverse dependency
of the location of axis switching upon the density ratio, I' = p/p_. Evidently then, the location of axis swicching depends
lirea:ly upon the rato of Re/T. Refer to figure 36, Micasurements of subsonic large aspect-ratio jets by other authors
found the axis switching location o move downstream with increased aspect-ratio. Therefore, it is proposed that the
locatuon of the first axis switching scale with the nondimensional parameter, Ref (I AR), where AR = aspect-rauo.

In the medium of air, rurbulence wansports heat similarly as it transports momentum because the Prandtl number is a
constant value ~ 0.7. Subsequendy, the mean temperature distributions, albeir broader and flatrer, closely resemble the
mean velocity distributions and, hence, a universal behavior of mean quantities exists throughout the jet. In the case of the
elliptic jet, the mean temperazure profiles mimic mean velocity profiles as they grow inward along the major axis and grow
cutwaird in the munor aaly 1egim A remperature haifwidth may be measured like 1:s velocity counterpart, and the location
where the major and rninor axes regions have equal halfwidths occurs upstream from the axis switching locadon ar x/a = 4.
[t becomes appearent that the spreading rate in the minor axis 1egion is resarded at higher (subsonic) exit velocities while
on the other hand is enhanced by higher exit temperatures, This pattern is exhibited by mean velocity contours where
sinular growth of the major and minor axcs profiles is apparent for a high velocity (85 m/s) and high temperature (185 C)
flow field as for a low—speed homogeneous case.

The nonhomogzneous elliptic jet entrained as much as 25% more rnass than the homogeneous case (Ho & Austin
1988). In the first two semimajor axis lcngehs the nothomogeneous elliptic jet entrains up to six umes more than a
homogeneous axisynunetric jet and entrains up to three and a half times more than a nonhomogeneous axisymmetric jet.
Refer to figure 39. The near-field of the homogencous and nonhomogencous small aspect—ratio ¢lliptic jet was found to
be a regien characterized by large scale mixing more intense than in an axisymmetric jec and these findings are promising
in view of the fact that this coincides with the region where combustion processes are initiated. Nonhomogeneous flow in a
small aspect—rauio elliptic jer is also characterized by increased large scale mixing and dus is 4 desirous passive method of
Increasing entrainment,

1112 Turbulent Flow Field _
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11.2.1 Temperature Fluctu=tions

Instantancous velocity and temperature signals were measured vy hot~ and
cold-wires, respectively, to investigate the details of the nonhomogeneous shear layer
and the entrainment process. The turbulest or root-- mean-square signal is extracred N 12
from the instantancous signal stausacally. Refer o equadon (15). The frequency response ’y (x__;()z
of the cold--wire anemometer doces not pernic accusate measurements of the flow in the 9 2
neighborhood of the nozzle exit because the charactenstic frequencies are greater than Keng = ]
the cut oft frequency of the circuir. For a jet e.it velocity of 70 m/s the most amplified N
{requency is 10,400 Hz, and the iniual instability wavelength is csumared, A, = U_,/ (2
[) = 0.35 cm. The frequency of the sccond vortex merging is f/2 = 5,200 liz at x/i -8
and the third vortex pairing, £ /4 = 2,600 Hz, occurs av x/A = 16 or 5.23 cm downsucam which is at x/a = 2.0¢. Theiefure, the
frequency compensaved cold-wire sensor is capable of resolving temperatuic fluctuations for all regivns downstream of che
first two semimajor axis lengths where characteristic frequencies are less than 3 kliz

Mean temperature contours revean the existence of never before seen dual temperatuze peaks- one on cither side of
the centerline aiong the major axis. The pecks appear after x/a = 4 and merge into one ‘normal’ peak beyond x/a = 8, ina

i=)
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repeatable pattern that is more pronounced ac higher temperatures. Refer o figure 4. These *dual peaks’ occur in tae
mixing region following the termination of the potential core where the turbulent shear luyer fills the entire flow field.
Supporting evidence to this anomaly is given by contours of RMS temperature which show similarly distributed twin peaks
of thermal fluctuadons but along the minor axis. The evolution of the turbulent temperature ficld downstieam as shown in
RMS tCMperature Contours portrays higher intensities in the minor axis rcglon beginning at x/a = 3 and becoming acute at
x/a = 10. The existence of greater thermal turbulence in the minor axis region indicates pronounced large scale mixing
processes eiigulfing more ambient fluid into the hotter inner fluid along the minor axis region. This would create slighdy
coaler regions in the centerline and miner axis regions and probably be responsible for the unigue mean temperature
distribution,

Larger amounts of mixing are to be expected in the minor axis region where greaier spreading rates and significantly
larger rates of entrainment occur. Ceaterling mean temperatures temain constant over shorter downstream lengths at
higher temperatures suggestng higher ratcs of mixing in inverse proportion to the density ratio. In the mixing region
dowastrcam of the end of the potenual core the centerline mean temperatures are lower in the elliptic jet than an
axisymmetric jet at the exit conditions of 220 C and 55 m/s perhaps indicating deeper pencuradons of ambient fiuid into the
mixing region of the jet.

111.2.2 Temperature Probability Density IFunctions
Instantaneous temperatures were measured aloug the major and minor axes at downstream cross--sections in a
nonhomogeneous elliptic jer with an exit temperatuce of 150 C and exiv velocity of 70 m/s. Probability densivy functions,
a.k.a. PDFs, were staustically ol:tained by building up histograms of discrete temperature ranges from the fluctuating
temperature sigrals. These caiculations depict temperature distributions and are normalized wich respect to the local
centerling temperature at every cross-iection in the flow. The disuibution of the PDF profiles along the minor axis
indicate a consistently even progrersion. This is in marked contrast to the PDF disuibutions along the major axis which are
skewed towards either very hot temperatures near the jet core or towards cooler ambient conditions at the jer edge. These
results were repeated for all downstream locauons across the major and minor shear layer regions. Refer to figure 41.
The gradual even distihutions along the mmor axes suggest the pc.nctrauon of largcr amounts of ambient fluid into
the minar axis resulting in mere global mizing snd inducia ig muic chrannuguic The skewed arrangement of the PIDFs
along rhe major ax:s suggesL amallcr amounts of localized mixing because the regions near the centerline remain at higher
temperatures than the corresponding regions along the munor axis. Measurements reveal similarly placed PDFs in cooler
nonhornogeneous flows, A comjarnisor. of two PDF profiles at two similar locations in the shear layer, y/a= 0.5 in the major
axis an ' z/b = 0.5 in the minor axis, respectively, reveals some differences for a heated flow of 130 C. A broader distribution
in the n.inor axis is skewed towards cooler temperatures reflccting more mixing over a wider range of temperatures. [n
contast, the sharp narrow peak of rhe major axis indicates very lictle mixing because the temperatute of the How remaias
confined w a narrow tempzrature range. POF measurements of temperature fluctuations help visualize the mixing process
in the eliiptic jet in which the self-inductng large scale vortices engulf large amounts of ambient Quid inte the mixing
layer primarily in the minor axis region (Ausun & Ho 1983).

I11.3 Flow Visualization

The structure of the nonhomogencs.s elliptic jet has been examined by standard optical methuds of flow visualization,
including schlieren and shadowgraph as weil as by a more powerful and recenily revived means~ the sharp focusing
schlieren. Images of the flow were recorded hy still and motion picture cameras. Conventional schlieren and shadowgraph
techniques display the intermiwendy textured surface ensconcing che flow field. The sharp focusing schlicren by definition
of its name focuscs upon individual thin volumerric slices within tie flow field. The cliiptic jet has been observed at

temperatures as higl. o- 195 C, although siructuces are semarkably still igentdifiable at lower wmperawres of 45 C. The

entire range of flow velocities are visualized by schlicren of shadUW;,raph althe ugh lower velodities yu-ld best resulis.
Focusing schlieren rcqu:ms small density ratius (high exit LEmpLratiies) in conjunctien with mipimum ¢xit veloc.ties to
cnable qualitanve viewing of the ld-gc scale structures. The maximurn heating of the fucility operated atlow speed is very
demanding upon the fau., y, and 1a general focusing schiteren is cunsiderabny more difficult 1o ser up and operate
cificiendy <huan convenuonal schlieren or nadowgraph tccnniquus

Brown & Roshko (1974) and Winant & Browand (1974) primarily relicd on flow visualizatons of sueaklines 1
study the moucn of large scales. Opricar How diapnestics are indispensable iv the analysis of exnenimental tiows, but cau
not be a replacement bacause inierpretations of flow visualizsuon are difficult o achieve correedy. They provide a ‘quick
picture’ w an overall flow in a brief amount of tme that would otherwise reyuire large amounts of experimenial measurements
t infer che obtervad characreristcs.

11.3.1 Shadowgraph and Schlieren
Large seals taroidal vortces obscived by shadowgraph and schlicren diagnostcs roll up into cleariy identihable
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structures in the vicimty of the nozzle exit. Additonally, a small number of strcamwise vortices appear following the first
vonex morging. After the first two vortex mergings, both the ring vortices and strecamwise structures become obscured in g
ficld of ‘rough’ turbulence. This is due to the integration of light through the entre flow ficld by conventional shadowgraph
and schlieren methods. Nevertheless, onc can appreciate the overall spreading of the jet and quanuratively the ‘visual’
spreading angle with respact to the centerline is as much as four times greater in the minor axis plane (25°) as compared to
the msjor axis plane (6°). The ring vortices appear horizontal in the major axis plane and they appear ‘hent’ and to overlap
each othes sonewhar ii the minor axis plane. The distorred shape of the rings in the minor axis plane confirms the
predicted cor. oluted mouwuas of th - minor axis section in the self-inducting elliptic vortces.

A no: homogencous axisy.ametric jet was also investigated and found to ‘visually’ spread at an approximately
similar ang.e 25 in the m_jor axis plane. The appearance of the large scales duplicated those visible in the major axis plane
of the ellipac jer and few .f any sucamwise vortices were apparent. The existence of similar characteristics in the axisymmetric
jet and major axss plane of the elliptic jet may be corollary to sensor measurements indicating similar rates of entrainment
and spreading angies in the two regions. The profile of the turbulent interface appears less irregularly shaped than thatof
cither plane ‘n the ellipdc jer. The visi.al evidence regarding the axisymmetric jet conclusively supports the elliptc jet's
urique pruperues of larger spreading races and irregularly shaped elliptic vortices.

I11.3.2 Focusing Schlieren

As in the previous method of visualization, fecusing schlieren confirmed an initially laminar jet rolling up into large
toroidal vortices. Observac uns of the flow by focusing schlieren reveals cross—sections of the large scale vortices when
imaging planar cuts througn the cenzer of the jet. Otherwise, focusing at other cross-sections reveal vortical structures at
oblique angles. The ‘rouga’ curbulence seen by the previous methods are not observed. Focusing schlieren allows observations
of the ensuing dcvclopmcm of the large scale structures farther downstream than conventional opucal dxagnosm methods.
Sueamwise vortices are barely dxsungulshablc when focusing on the edge of the flow field because the ‘cuts’ are vertical
and the jet along with its sereamwise suwructures spreads outwards diagonally such that the cnure streamwise structure is not
wisible in the plane of focus.

Similar to the findings made by the shadowgraph and schlieren system, the cross-sections of the large scales are
horizontally sicuated in the major axis plane but they are tilted ar large angles with respect o cach other when viewed fion
the mumor plane. Quanutative measurements of the separation and size of the large scales can be determined from digitized
images of the flow and the measured scale of the initial vortex agrees with calculated values. These visualizations may
suggest the onset of helical stabiiity modes overpowering the initially axisymmetric modes of the elliptic vortices (Ho,
Hucrre & Redckopp 1990). Refer wo figure 42. Finally, side jets were not observed for any density rano or exit velocity
and it is apparent that side jets form only in axisymmetric jets at low density ratios (Monkewitz, Bechert, Bariskow &
Lehmann 1990).

1114 Forced Jei

———

A brief forcing invcﬁdgation was performed on a homogeneous jet operadng at a low velocity of 8 m/s. Four speakcrs
emitred sinusoidal acoustc waves into four chambers that wore symmatrically locaied wid respect w the major and minor
axcs. The perturbatons entered the flow at the nozzle edge from four opposite directions. Forcing was done at the most
amplified frequency and at very low amplitudes so as not to alter the velocity mean profile and influence the initial
stability. The laminar flow at the nozzle exit exhibited a more organized pattern in thar the instzntancous velocity signal
displayed on an osuill()S(,opc became more sinusoidal and less random when either or both of the major and minor pairs of
opposing speakers forced the flow (in-phase forcing). The same resuits were observed for anti-nhase forcing, when either
pair of opposing speakers were operated with a 180° phase shift with respect to the other speaker pair. Under these flow
and forcing condidons it appeared ncither the major axis Or minor 4xis region was more responsive to small amplitude
forcing. This 1s mterestmg in hight of previvus measurements indicating similar near field pres:ure fluctiarions in both the
najur and minor axes regions of the subsonic ellipuc jer (Gutmark & Ho 1985).

DS Jer with Suction

"T’he homogencous cllipuc jet is convectively unstable. Introducing nonhomogeneity into the flow by reducing the
detsity ratio did not alter the jed's global stability modes. Subscquently, the effects of increased velocity ratio was briefly
investigated by appiying sucton uniformly along the edge of the elliptic jet nozzle. The study was motivaced by the
piediciions of spauo-temporal instsbility theory (Huerte & Monkewitz 1990) and a recent experimental study of
counteicurrent mixing layers in ao axisymrnetric jet (Strykowski & Niccumn 1990). Theory predicts a critical velocity ratio,
R, = 132, in 2 mixing layer v here the flow tansitions from convective to absolute instabilivy and this has been verificd
expenmentany for axisysometre jets. Spativ~temporal insuability theory also predicts a uansidon to 2bsolute instability ac
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density ratios < 0.7, however absolutely unstable regions were not noticed in the nonhomogeneous elliptic jet for density
ratios as low as 0.66. It is possible that asymmetric jets, specifically 2:1 aspect-ratio elliptic jets, aic characterized by critical
velocity and density ratjos different from mixing layers.

Suction was applied along the circumference of the elliptic nozzle raising the velocity ratio up to 5 and the subsequent
changes in the nonhomogeneous flow were immediacely observed by means of the focusing schlieren method. It must be
noted that the trailing edge separating forward and reverse flow is not ideally thin but is approximately 25 initial momenwum
thicknesses wide due to structural constraints iirposed by heat stiesses upon the aluminum-—composite nozzle. Flow
visualization revealed a decreased distance to the first vertex merging, the eliminadon of the inital laminar region and a
shortening of the potential core, It appeared the virwal origin of the jet w.s being translated upsueam by the effects of
suction.

Measurements of mean quantities in a2 homogeneous flow were sampled at low exit velocides of 20 m/s. Reverse
velocities were not measured with available sensors. Pitot tube measurements of centerline mean velocities verified a
shortening of the potential core under the effects of suction from x/a = 4 to x/a = 3.5. Mean velocity profiles decreased as
much as 15% and halfwidth calculadons indicated decreased spreading in both axes. However, in the shear layer velocity
fluctuations did nor. differ for all velozity ratios = 1 except at the exit where the amplitudes were onc¢ order of magnitude
higher in the case, R > 1. Massflow measurements showed that suction reduced entrainment ratios in an elliptic jet albeit
higher than in an axisymmetric jer.

No firm conclusions regarding the existence of absclute iustability were obtained from the study, and the configuration
of the thick trailing edge may have been responsivle for these results.

111.6 _Rectangular Orifice Jets

Nonhomogeneous rectangular orifice jets characterized by 1:1, 2:1, 3:1 and 4:1 aspect ratios with constant hydraulic
diameter were visualized by focusing schlieren. The passive and active control of the spreading of rectangular orifice jets
was investigated at velocites between 30 m/s 1o 80 m/s and temperatures up to 150 C. For natural flows, the ‘visual’ jet
width and overall spread angle did not exhibit significant changes in either major or minor axes. Side jets were not observed
reinforcing current beliefs confining their existence to nonhomogencous axisymmetric flows, External forcing by a single

speaker located outside the near field also presented no visual change in jer width or spread angle. However, at extremcly
low exit velocides around 15 mys, forcing effects became dramatically noticeable and the shear layer thickened as much as
33% and the ‘visual’ spreading angle increased by 25%. Evidently the amplitude of the acousuc waves was not large
enough to influence jet flows at higher exit velocities. In the proposed study, stronger speakers driven by powerfui
amplificrs will alleviate this issuc.

IV. PROPOSED RESEARCH

Investigauons of the nonhomogeneous flow field will be concluded to understand the mechanism(s) driving the
vorticity dvnamics of the self-inducting coherent structures. The primary task will then be the investigation of the small
scale topology in < homogeneous 2:1 aspect-rado elliptic jet. The effects of self-induction and vortex merging upon the
generation of smaii scales wiil be examined. The unforced elliptic jet in an addition to an axisymmetric jet will be studied
iniually for purposes of later comparison. Forcing the flow uniformly at the preferred mode at the exic will mask the effects
of vortex merging and isclate the effects of self-inducton. Measurements will be conducted of the populations, dimensions,
frequencies and spaual distnbution of the small scales with respect to the large scales using the Peak-Valley-Counting
method. Finally, the flow will be actively conuolled with acoustc forcing add the nozzle exit. Muluple frequency signals

with vanable phase shifts and amplitudes will be employed to increase p:oduction of small scales and enhance the smali
scale mixing process.

IV.1 Nonhomogeneous Jet -

A dual parallel wire probe housing both a hot- and cold-wire will simultaneously measurc turbulent velocity and
temperature signals. Two cases will be studied, a Ligh temperature jet at 18C C to obscrve strong nonhaumogeneous effects
and a slightly heated jet 2t 45 C where temperature will contaminate the flow cffecuvely ‘tapping’ the large scale structures.
Velocity~temiperature corrclations will be made to determine how nonhomogeneity modifies the dynamics of the ellipical
strectures and ¢nhances the entrainment. As well, the inidal boundary layer thickness will be inve.tgated to confirm the
effects of Reynolds number upon axis switching and envainment.

IV.2 Small Scale Topology




The phase relationship between the major and minor axes scctions of the distorted large s ale vortical structures in an
unforced natural elliptic jet will be investigated by simuleancous velocity measurcments in both shear layer regions. The
small scale topology of the natural ellipdc jer will then be investigated. It is not known definitely at what Reynolds number
clliptic jers become turbulent. The exit velocity will initially be varied to determine a velocicy that is not so low that will
preclude small scale production and not too high rhat will canse problems with the physical resoiution of the 1 mm wide
hot-wire sensor and the maxiraum 1 MHz sampiing rate of tne analog-to-digital converter.

Irrotational flurtuations are induced into the quiescent fluid by the passing of large scale suuciures in the shear layer.
Quantirative knowledge regarding the large scale vortices will be obrained from the velocity signals sampled by a hot-wire
ancmometer in the ambient fluid adjacent to the shear layer. Simulwaneously, a second b it~wire probc separated radially
from the first probe will be: located within che shaar layer to acquire the combined wrbuleng signals of the large and small
scales. These pairs of measurements will be undertaken at incremental downstream locations in the major and minor axes.
The facilicy may also be heated by a few degrees t0 cuntaminate the flow using heat as 2 tracer and a cold--wire anemometer
will sample the thermal fluctuations of the slightly heated large scales.

Phasc-averaged information from the fiist sensor will provide the period of the large scales to help isolate the signatur:
of the small scales, Spectral analyses of the velocity signals by 2 one-dimensional fast fourier algorithm will yield the peak
frequencies at the respective location in the flow. The slope of the resulting energy spectrum is not as clearly definable in
jets as it is in plane mixing layers. Thus oae of the ‘signposts” suggesting the possible location of transiticn to turbulence,
the ‘=5/3" slope, wiil not be employed,

Laufer (1948) and Liepmann (1949) proposed a method for estimating the Taylor microscale by counting the number
of ‘zero—rossings’ of 4 random stationary fluctuating velocicy signal. Rice (1944, 1945) determined a theoretical value of the
number of ‘zero—crossings’, N, for Gaussian disuibuted »'and du’/dt signals. Refer o Equaton 16. Gaussian characteristics
occur far downstrear along the centerline in axisymmetric jets (Wygnanski & Fiedler 1969). A
more refined method, the Peak-Valley-Counting method, incorporatng specialized conditional

analysis concepts will be used to determine the dimension and ampunt of small scales (Hsiao a2\
1985; Huang 1985; Zohar 1990). This method generates a pulse wain corresponding to the 1 )
proper local extrema associated with small scale fluctuations in a mirbulent velncity signal. The L Ny= ".__a[_
final result is obtaincd by differentaung between acrual smail scale fluctuacions (the ‘pcaks' Fv (u.z)”z

and ‘valleys’), including the removal of erroneous consecutive extrema, a-d-c bit naise
components and random high-frequency noise by employing appropriate amplitide and temporal
threshold levels. The number of small scales will be regarded as a possible indicator of turbulent
transition (Zohar 1990).

Analysis of the distribution of scales will inmrporatc a two-dimensional Wavelet Transform (Grossman & Morlet
1984). The combined Fourier and physical space properties of this method of decomposing turbulent signals provide a
better view of the dynamics of coherent strucrures (Daliard & Spedding 1990). In conurast, the Fast Fourier Transfoirm
algorithm retains only the amplitude or phase information of the spectral components of the transformed turbulent signal.

IV.3 Self-Induction Effects

e —————

The interactions of merging vortices and strezimwise structures is hypothesized  aicd in the generatdon of small scales
in the vortex cores of plane mixing layers and axisymmetric jets. The existence of a secand meskapism respons:ble for the
growth of a 2:1 aspect-ratio elhpuc jet is the process of vortex seli-inducrion. This second miechanism appears 0 {e more
rcapom:blc for increased entrainment ratios than vortex merging ang ray well be responsible for the bcncranon of simall
scales in the elliptic jer. The flow will be forced at the preferred mod» of the jet, G, = £,4/ 1, where *f,” i< abtained from
the peak frcqucncy of the 1-D energy specirum at the eird of the potzntial core \x/a D) Fors g will mhmlc the actions of
vortex pairing and thereby will isolate the effects of seli-induction. I this manner, the small scales will be investigated 1o
determine how their production 1s modified by the presence of self-inducting vort'ces. Additivnally, the spreading ratz and
entrainment ratios will be measured e confirm the imporance of vortex self-inducion on the development of small
aspect-ratio clliptc jets.

Stucamwise structures will be measured as . by hot—wire psebes placed in the shear iaver at 1 yiven downsuezm
cross-section. Previous flow visualizarion indicates these vortices w be fairly stationary ia space. It wili v important wo
determine the distorung azimarthel effects of the streamwise upon rhe elliptical vortex rings arnd how self--industion and
vortex merging modifies the sueamwise structures because of the importance of interactions between these farpe seales
towards small scale producnon.

[V.4_Active Control




The 2:1 aspect ratio elliptic jet was found by Ho and Gutmark (1987) to entrain conside:ably more mass ¢han an
ordinary axisymmetric jct due to the natural dynamics and detormations of the self-inducing slliptic vortces. 1t s,
therefore, an efficient. passive control device. From an engincering point of view, passive enhancem»n.s are more desirable
than active methads. However, acoustic forcing has been demoastrated to increase the nnmber of small scales, Zohar
(19%0). ‘The clliptic jet will be acdvely forced to control the large and small scales to improve large and small scale mixing,
Tt has also been discovered that increzsed enurainment is cortelated to a shorter distance hetween the location ¢f axis
switching and the nozzie exit, Ho & Auvstn (1988). Thus, to control the location of switching by forcing the large scales,
perhaps to lessen influence by vortex mevging, may fusther enhance entrainment

in this vein, muinple frequency forcing incorporating harmonic plus various subharmonic components with variable
phase shifts and variable amplitudes will be attempted. Helically phase shifted frequencies may form ‘spinning’ elliptic
vortices (Long & Petersen 1990) to further distort the inviscid large scales thereby increasing entrainment and, sccond, 10
increase the production of small scales end enhance fine scale muxing. The flow will be measured by hot-wires znd
analyzed with the Peak-Valley Counting method.

Y, CONCLUSION

Jets are imperuant fluid dyramical processes of study due to the existence of mixing regions in numerous apolications.
In particular, 2:1 aspect-ratio elliptic jets appear by many accounts to be very promising improvements over axisymmeatric
jet configurations because of their enhanced mixing capabilitics. Coherent large scale stroctures which govern spreading,
entainment ard large scale mix:ng in general have been investigated to reveal the importance of the mechanisms of vortex
self-induction and vortex me:ging. It ts important to contnue detailed investigation of thz 2:1 aspect-ratio elliptc jet
aimed at the opology of the small scales and the nature of cheir production by the large scale structures. Methods of
controlling and increasing the populadon of small scales will help in the understanding of their subscquent effects upon
fine scaie mixing in relation to combustion processes.

——
——
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Figure 3. Shear Layer Formation
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Fwyure 2 Vanaunns of (a1 normalized amplification rate and (b normatized phase velocity
with Strovhal number f9/C. Linear stability theory (from Monkewitz &% Huerre
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Figure 5. Linear Stability Curves
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Figure 7. Global Stability
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Figure 14. Mean Velocity Profiles
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Figure 15. Fluctuating Velocity Profies
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Mujor axis plane

Fiaune 15. (1) Vortex merging (tagged by dye teaces) in a foreed elliptic jet. (h) Azimuthal deformation of vortex

{h)

Minor axis planc

(taggerd by dye Lraces) mt a forced elliptic jet (Gutmark & Ho 1983, 1986).

Figure 22. Elliptic Jet Fiow Visualization
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Figure 24,
Elliptic Jet Mean Velocity Contours

Fior2s (4. Constanceveineiy contours.

Figure 25.
Nozzle Flow Visualization
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Mixing Enhancement with Edliptcal Nozzle.
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GURE 3. Dshiective interacnion: [ f, = 0

Figure 26.
Mode ‘m’ Forcing
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