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Experimental Investigation of Supersonic Gaseous
Injection into a Supersonic Freestream

Gregory J. McCann* and Rodney D. W. Bowersox'
U.S. Air Force Institute of Technology, Wright—Patterson Air Force Base, Ohio 45433-7765

An experimental study of the mean and turbulent flowfield associated with low-angled supersonic gaseous
injection into a supersonic freestream was performed. Air was injected at Mach 1.8, with an effective back pressure
ratio of 3.0, through an orifice at an angle of 25 deg into a Mach 2.9 air freestream (Re/m = 15 x 10°), Cross-film
anemometry and conventienal mean flow probe surveys were acquired across the plume at two downstream stations
(x/d = 20 and 40). Schlieren photography was used for qualitative flow visualization. Turbulence measurements
included contours of the turbulent kinetic energy and the full compressible Reynolds shear stresses in both the x—y
and x-z planes. Mean flow data included Mach number, three-dimensional velocity components, and vorticity. The
measurements indicated that the mean and turbulent flow structure of the injection plume were strongly influenced
by the presence of a counter-rotating vortex pair (|wy | max = 15,000 /s). The turbulent kinetic energy was found to
have two peaks colocated with the vortices. The turbulent shear stress distributions across the plume were found
to be highly three dimensional and complicated by both the additional strain rates associated with the vorticity
and turbulent convection. The present results also implied that the compressibility terms in the Reynolds shear
stress accounted for about 67.0-75.0% of the total shear stress level, i.e., #p’v//pu’v’ and @p’ w'/iJW were in the

range of 2.0-3.0.
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Subscripts

compressible
effective

total condition

= freestream condition
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Superscripts

T = turbulent
! fluctuating component
- = mean component
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Introduction

OW-ANGLED gaseous injection into a supersonic freestream
appears in many practical situations. One current interest is fuel
injection into a supersonic combustion ramjet (Scramjet) engine. As
discussed in Fuller et al.! and Mays et al.,” residence times for the
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fuel in a supersonic combustion chamber would be on the order of
milliseconds. Hence, turbulent mixing is of paramount importance.
In addition, as the vehicle flight speed continues to increase, the net
propulsive thrust becomes a smaller fraction of the gross airstream
entering and leaving the engine, and thus total pressure loss is also a
critical concern. Parametric studies on injection angle, ranging from
normal injection to that of a downstream facing slot, have been
performed.>* Other feasible uses include re-entry cooling, thrust
vector control, and stall suppression.

Because of the complicated flow physics, low-angled supersonic
injectioninto a supersonic freestreamis currently intractable froman
analytical perspective and also challenging from an experimental or
computational viewpoint. Three of the formidable flow difficulties
include three-dimensionality, compressibility, and turbulence.

Although not the only limitation, turbulence modeling remains a
controlling factor in the accuracy of all high-speed, high Reynolds
number numerical Navier—Stokes predictions. Since the computa-
tional resources necessary to directly simulate, or perform a large
eddy simulation of, high Reynolds number turbulent flows, for all
but the simplest of geometries, are not currently available, engi-
neers must rely on an averaged approximate form of the Navier—
Stokes equations. The two common approaches are Reynolds time
and Favre mass-weighted time averaging. In either case, turbulence
models are necessary to close the system.

Turbulence modeling issues associated with supersonic injection
into a supersonic freestream are particularly challenging. Histori-
cally, turbulent flows have been categorized for which appropriate
closure formulations have been developed. For example, two well-
established classifications are wall boundary and free shear layers.
Gaseous injection into a cross stream includes features from both
wall bounded and free shear layers, as well as an interaction between
the two. In addition, the effects of compressibility on turbulent flows
remain unclear. However, for high-speed, two-dimensional, planar
coflowing cases, the effects of compressibility on the spreading rate’
and the turbulent field® have been documented.

Studies of supersonic, three-dimensional, injection flows that in-
clude both turbulent and mean flow measurements are scarce. Pre-
sented here are results from an experimental study aimed at pro-
viding detailed information about the structure of the mean and
turbulent flow associated with supersonic gaseous injection into
a supersonic freestream. Conventional mean flow methods along
with hot-film thermal anemometry’ were used to obtain contours
of Mach number, three-dimensional velocity components, vorticity,
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Reynolds shear stress components, and the turbulent kinetic energy
across the plume.

Experimental Apparatus
Facilities

All tests were performed in the Air Force Institute of Technology
supersonic wind tunnel. This blowdown, pressure-vacuum system
provided 25-s test times at Mach 2.9. The Mach number variation
across the tunnel has been documented as £0.03. The freestream
turbulent kinetic energy across the tunnel has also been documented
as nominally 30.0 m?/s2, which is about 0.008% of the freestream
kinetic energy per unit mass. The settling chamber pressure and
temperature were maintained at 2.0 & 0.03 atm and 294 + 2 K for
all tests. The freestream Reynolds number per meter was 15.0 x 105
The test section was 6.35 x 6.35 c¢m in cross section and 28.0 cm
long. The tunnel flow conditions are summarized in Table 1.

The injector model was built into the ceiling of the tunnel as
shown on the schematic in Fig. 1; also shown is the right-hand
coordinate system. The injector Mach number, based on area ratio,
was designed to be 1.8. This value was confirmed in a bench top
test (the pitot pressure ratio was measured as 0.8). The divergence
angle of the axisymmetric conical nozzle was 0.83 deg. The injector
throat diameter was 3.22 mm, and the exit diameter was 3.86 mm.
The injection angle was 25 deg relative to the freestream. Since
the injector was at an angle, the exit port was elliptical with a 3.86
and 9.14 mm minor and major axis length, respectively. The exit
diameter normal to the axial flow direction was taken to be the
minor axis length. To compare the results qualitatively with other
data in the literature, the effective back pressure was modeled as
the pressure that would occur on the surface of an axisymmetric
cone with a half-angle equal to that of the injection angle.! For the
present study, the jet total pressure was set at 4.0 £ 0.08 atm. Thus,
the jet exit pressure ratio p;/ p,; was equal to 3.0. The injectant gas
was chosen to be air. The jet air was tapped from the tunnel source;
hence the injectant total temperature was also 294 K. The jet exit
conditions are also included in Table 1.

Instrumentation and Data Analysis

Microsecond spark schlierens were taken. Conventional pitot and
cone-static pressure contours across the plume at both measurement
stations, x /d = 20 and 40, were acquired. The pitot pressure probe

Table1 Summary of freestream and injection parameters

Mach u,m/s p,kPa p,kg/m? Re/m, x 165 k, m2/s?
Freestream 2.9  609.0 6.41 0.204 15.0 30.0
Injector 1.8 4820 672 1.32 53.0 NA?

2NA == not available.

High pressure air

AY
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was constructed from 1.59-mm outer diameter stainless steel tubing,
The end of the probe was crimped such that the height of the opening
was approximately half of the width. The cone-static probe was
machined from stainless steel. The semivertex angle was measured
as 10 £ 0.03 deg. Four pressure taps were located at 90 deg intervals
around the circumference of the probe. This configuration allowed
for probe misalignment errors of +6.0-7.0 deg to be canceled.®
The diameter of the probe at the location of the four pressure taps
was 1.7 mm. The Mach number was computed from the ratio of
the cone-static and pitot pressure data using Taylor—-Mccoll conical
flow theory and the Rayleigh—Pitot formula. A random error analysis
indicated a +3.0% uncertainty in the Mach number results.

TSI model IFA 100 constant temperature anemometer systems
were used with TSI 1243-20 cross-film probes.’ The platinum hot-
film probes has cylindrical sensors, which were 1.0 mm in length
and 51 pm in diameter. The cross-film probe total cross-sectional
area was nominally 1.0 mm?. Measurements were obtained in both
the x—y and x—z planes. Probe alignment was maintained to within
+1.0 deg. The frequency response was optimized to nominally
150 kHz by the square wave technique in the Mach 2.9 freestream.
The majority of the data were taken using the single overheat
technique,” where the wire resistance ratio was set to 2.03 4 0.03.
Multiple overheat” data were also acquired along the centerline of
the jet plume. For that data, eight resistance overheat ratios, in the
range of 1.3-2.1, were used over a series of eight runs. The sampling
rate was 20 kHz, and 2048 samples were averaged into a single data
point.

The cross-film data reduction techniques used here stemmed from
the pioneering work of Kovasznay'® and Spangenberg.'! In general,
the reduction was based on the empirical heat loss formula

Nu=a+/Re, +b

where Re, is the effective cooling Reynolds number,®” which is

based on the wire diameter. The cosine law as demonstrated by
Spangenberg!! was assumed valid. In addition, the flow angles in
the present thin layer type flow were not expected to be very large
(on the order of 310 deg relative to the freestream). The probes were
calibrated at each overheat ratio by placing them in the freestream
and varying the tunnel total pressure. Since a single contour involved
a series of runs, the probes were intermittently calibrated throughout
the testing to ensure that they had not suffered from oxidation or
contamination. The present study found that the minimum linear
regression correlation coefficient for the preceding heat transfer law
was 0.99.

The multiple overheat data were reduced using the generalized
least-squares method.” In summary, multiple overheat cross-wire
anemometry provides the mean mass flux pu;; the mean total tem-
perature 7;; the mass flux components and total temperature fluctu-

ation turbulence intensities, v/(ou;)? and /(T;?), respectively; and
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Schematic of injector and test section.
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the (ou; ) (pu ;)" and (pu;)'T; correlations. A random error analysis
indicated a 5.0 and 10.0% uncertainty in the turbulence intensity
and correlation results, respectively.

For the single overheat technique, the mean total temperature
was assumed constant, and the total temperature fluctuations were
neglected. The results discussed later confirm the validity of the
single overheat technique for the present adiabatic flow.

The compressible Reynolds shear stress

T

A — 5 At —
T = —puiu — i p'ul — i p'u; (H

can be related to the cross-wire turbulence data as follows®:

o ony "N
o =—M+ﬁaiaj(p—_> @
5 5

where the first term on the right-hand side is directly measurable.
The second term can be estimated by uncoupling the cross-wire
turbulence results.®? An important attribute of Eq. (2) is that for
thin layer type flows, where the transverse or span velocity is gen-
erally very small, the second term on the right-hand side is usuvally
much smaller than the first. Thus, direct measurement of the fuil
compressible Reynolds turbulent shear stress [i.e., the summation
of the three terms on the right-hand side of Eq. (1)] is possible. In
the present study, the relative magnitude of the two terms on the
right-hand side of Eq. (2) was compared by applying an uncoupling
procedure, which is discussed later.

Uncoupling the cross-wire results allowed for all of the Reynolds
shear stress terms in Eq. (1) to be inferred. This procedure in-
volved assuming that the product & (p’/ p) is much smaller than both
(pu)’ /ou and p’/p, where o = T /T,. For the present flow, o was
in the range of 0.3~0.5; thus, even if the pressure fluctuations were
not zero, perhaps, due to being multiplied by «, their effects on
the cross-wire response were still small. Kistler'? suggested that p’
was second order and hence neglected it for wall boundary layers
up to Mach 4.7. Also, Bowersox and Schetz,’ studying a Mach 4.0
free mixing layer, demonstrated that the density fluctuation turbu-
lence intensity estimated from cross-wire anemometry, where the
pressure fluctuations were neglected, was in very good agreement
(£5%) with optical measurements.

Results

Flow Visualization

Six hundred nanosecond (0.6 us) exposure time schlieren pho-
tographs were taken. Shown in Fig. 2 is a schlieren of the injector re-
gion, where the knife edge was aligned with the flow, and the top half
of the light was cut off. The injector was located in the tunnel ceiling,
and the flow was from right to left. The salient features include the
leading-edge shock due to the injection and a weaker recompression
shock just downstream of the injector. The recompression shock was
found to be unsteady as its position and shape varied over a series of
photographs. The familiar lambda leading-edge shock structure is
evident very near the upper wall, thus indicating a small separation

Fig. 2 Schlieren of injector region.

Level Mach

3
4 Lo 270
8 258
-5 7 247
6 6 236
yid 4 5 225
4 214
8 3 203
9 2 192
1 181
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b) x/d =40

Fig.3 Mach number contours.

bubble just upstream of the injector. The facility boundary layers
and jet plume are also noticeable. The freestream boundary-layer
thickness, 8.,/d, just ahead of the injection was estimated from
Fig. 2 as 1.6.

Mean Flow Measurements

The Mach number contours for x/d = 20 and 40 are shown in
Fig. 3. The cross-film data, which are discussed later, indicated that
at x/d = 40 the flow angle along the centerline of the plume was
roughly —9.0 deg. At z/d ~ £2.0, the flow angle was measured
as 4.5 deg. Thus, the probe was inclined by —2.3 deg to minimize
probe alignment errors. At x/d = 20, the magnitudes of the flow
angles were found to be about 5.0 deg larger. Hence, the uncertainty
of the x/d = 20 results are expected to be higher than the +3.0%
expected for the x /d = 40 station. The contours were oriented such
that the flow was going into the page. The contours were constructed
from a series of profiles acquired across the plume in intervals of
Az = 1.0d. All contours began at y/d = —0.40. The jet plume
and wall boundary layer are clearly visible. Based on visual inter-
pretation of Fig. 3, the plume at x/d = 30 had grown to a diameter
of roughly 3.0d. Also by this station, the plume center penetrated
to approximately —3.0d. Also, the curved injector shock is clearly
noticeable near the bottom of the contour. By the x/d = 40 sta-
tion, the center of the plume penetrated to about —4.5d, and the



320 McCANN AND BOWERSOX

[ - ~ ST
L o N N N OSseme
B R N R
;_.//.,;L\&\:\*(i
£ -~ b e
'207;:-;\‘\"’3\\<\
T

W
W
.

//((' /\ N
y/d-50 f / f/\
TE AN e \
SN N7/ IN—
60 FN~—— J, 7 1N S0ms
EN~— T2 N -/ 1N
[N~ I\,.ll\
- S N — R
Al NN L AL IR
R T
SOy v L LR S S
F Y v v . - ~ NN NN
S0 AR N

Fig. 4 y—z velocity vector contour (v/d = 40).

plume shape had become fuller, where the diameter had increased
slightly to 4.0d. If the center of the plume is assumed to be consis-
tent with the location of maximum concentration, then the present
measurements (pu;/pus = 5.11) compare favorably with the he-
lium injection results of Mays et al.? (M., = 3.0, 8 = 30 deg, and
puj/pus = 2.2), where they reported a penetration at x/d = 40
of also about 4.5d.

The kidney'® or horseshoe!* shaped Mach number in the center
of the plume was indicative of vortical motion within the jet plume.
The Mach 6.0 concentration contours in Fuller et al.! also showed a
similar shape. The nonuniform Mach number distribution near the
bottom of the contour resulted from the injector leading-edge shock
reflecting off the test section floor. Thus, the reflected leading-edge
shock did not interact with the plume at x /d = 40. However, surface
oilflow visualization indicated that the shock reflections off the side
walls crossed the plume at x /d ~ 30.

Cross-film measurements were taken at the same two x /d loca-
tions. For these data, the spacing between profiles was decreased to
Az = 0.5d; however, the measurement field was reduced to just cap-
ture the plume. Again, the measurements started at y/d = —0.40.
Only the results at the x /d = 40 station are presented as they are
representative of the flow feature at both stations.

Shown in Fig. 4 is the y—z plane velocity vector contour. The
expected probe alignment uncertainty indicated a +10.0-m/s error
bound for the present velocity measurements. Two counter-rotating
vortices are clearly depicted in Fig. 4. The right or positive z side
vortex was located slightly closer to the wall than the left vortex.
Since the right vortex was closer to the wall, the entrained boundary-
layer fluid from the right had a higher z component of momentum
than that from the left vortex. Hence, the flow stagnated on the left
side of the plume (y/d = —2.0 and z/d = —1.0). In addition,
an apparent third vortex was just to the left and slightly above the
stagnation point (y/d = —1.5 and z/d = —2.5).

A central finite difference was applied to the velocity data to es-
timate the x component of vorticity, i.e., 2w, = (dw/dy — v/3z).
The results of that analysis are presented in Fig. 5. The peak mag-
nitude |w, |max for each vortex was nominally 15,000 /s. There were
several mechanisms that could have been responsible for induc-
ing this secondary flow. First, in the initial injection region, as the
crossflow wrapped around the jet, a lower pressure expansion along
the back or downstream side of the jets would induce a rotational
motion. Second, the turning of the jet flow into the crossflow direc-
tion would serve to generate or add energy to the secondary flow.
This is somewhat analogous to the secondary flow rotation associ-
ated with flow in a curved duct. It is also possible that a nonuniform
shearing around the periphery of the plume could have contributed
to the rotational nature of the flow. The numerical study of Kim and
Benson'® for incompressible normal injection also predicted two
downstream counter-rotating vortices.

2.0 o Level Vorticity
30 9 0.0850
B 0.0622
40 7 0.0393
6  0.0165
y/d 5.0 5 0.0063
4 00291
6.0 3 00519
0 2 0.0748
1 00976

9.
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z/d
Fig. 5 x component of vorticity (/(uoo/d), x/d = 40).
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Fig.6 Comparison of SOH and MOH x-y cross-film results (x/d = 40
and z/d = 0).

The structure of the mean flow and the ability of the flow to entrain
freestream fluid are strongly affected by the strength of the vorticity.
Hence, the presence and strength of the vortex pair are key factors
in the effectiveness of the injectant gas mixing with the freestream
flow as needed for scramjet fuel injection or to energize a boundary
layer relevant to stall suppression. Based on the measured vorticity,
the present flow experienced only a few revolutions by the x /d =40
stations, which may indicate that the mixing enhancement due to
the naturally occurring vorticity would not be very substantial. Al-
though not measuring vorticity, recent studies' ¢ have attempted to
augment mixing by enhancing the vortex generation through the use
of yawed jets and jet arrays. In addition to experimental measure-
ments, Cox et al.!® also used computational techniques to evaluate
the effectiveness of a new injector design. However, current numer-
ical methods are hindered by the uncertainty associated with turbu-
lence models, and the development of suitable closure formulations
is inhibited by the lack of turbulence data.

Turbulent Flow Measurements

The majority of the present data were acquired using the single
overheat technique. However, as mentioned earlier, to verify the
approximations of that technique, multiple overheat data were ac-
quired along the jet centerline. Compared in Fig. 6 are the single
overheat (SOH, open symbols) and multiple overheat (MOH, closed
symbols) turbulence intensity and shear stress results along the cen-
terline of the plume. As can be seen, the agreement between the
two methods is well within the experimental uncertainty. The single
overheat results in Fig. 6 were acquired over separate runs; hence the
scatter is indicative of the flow repeatability. The agreement between
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Fig.7 Compressible turbulent kinetic energy/i*(x/d = 40). a) —(pu)(pvY/p
the SOH and MOH results was not surprising since the total tem-
perature turbulence intensity was only 0.02-0.03 across the plume. 0.0
Hence, neglecting the total temperature fluctuations, as discussed
earlier, was deemed appropriate. -1.0
The fluctuating mass flux component, (pu)’, (ov), and (ow)’,
turbulence intensities were combined into a compressible turbulent 20 Level Shear
kinetic energy (see Fig. 7), which was defined as® 30 9 0.0005
o G+ 0 + (pw)? oo
c = p (3) 4.0 -0001
2p% 6  -0.0000
One prominent feature of Fig. 7 was the two peak values of k. located ya-50 3 00002
near y/d ~ —4.5 and z/d ~ *£1.5. Symmetry about the z axis was 6.0 : : 'g'??"g:
also observed. The positions of the two peaks coincided with the -
counter-rotating vortex pair in Fig. 5. The increase in k, within each 7.0 2 00008
vortex was likely the result of an increased production due to the 1 00009
effects of the three-dimensional, mean, dilatational strain rates and 8.0
to a lesser extent convection, or entrainment, of high turbulence
intensity boundary-layer fluid. 20
Presented in Fig. 8 are the x—y Reynolds shear stress in trans- 10,0
formed variables, i.e., all of the terms in Eq. (2). The first term 30 20 -10 00 10 20 30
(Fig. 8a) on the right-hand side of Eq. (2) was directly measured. zd
The second term (Fig. 8b) was estimated via the uncoupling proce- b) i p'2/p?
dure. Recall that in the formulation of Eq. (2) it was proposed that
for thin layer type flows the second term would be small relative to
the first. The validity of this postulate for the present flow is con- 0.0
firmed by comparing the magnitude of the shear stresses in Figs. 8a :
and 8b, where it can be seen that first term is approximately one order -1.0 B
of magnitude larger than the second. The total compressible shear
stresses rxTy ,i.e., the combined results of Figs. 8a and 8b, are shownin 290 ievel Shear
Fig. 8c. A prominent feature of the turbulent shear stress distribution 9 00058
was the peak located within the core of the plume. Comparing with 30 S 0.0048
the cross-plane velocity vector contour in Fig. 4, it was noticed that 40 7 0:0037
the peak in the shear stress was located along the centerline interac- ’ 6 0.0027
tion of the two vortices. Increased production due to increased mean 9/ -5.0 5 0.0016
bulk compression (V - V < 0) and additional x—z and y—z shear- 4 0.0006
strain rates in the region between the two vortices appears to be the 6.0 3 0000
primary reason for this peak in the turbulent shear stress. In addition, : 2 -0.0015
the shear stress around the periphery of the plume changed sign near 10 1 -0.0025

the midspan of the plume (y/d = —4.0). Although opposite in sign,
the magnitude of the shear stress around the lower or freestream side
of the jet was very consistent with that along the upper or top wall
side of the jet. The sign of the shear stress around the periphery of
the plume is explainable by physical momentum transfer arguments.
For example, consider a positive transverse momentum fluctuation
on the freestream or lower side of the plume. As the fluid clump is
displaced up into the plume from y to y + Ay, it brings with it an
axial momentum that is higher than that at y 4+ Ay (the u velocity
gradient can be inferred from Fig. 3b), thereby producing a negative
turbulent shear stress. The same analysis predicts the positive shear

_10.0 EEEEES & EReR
30 20 -1.0 00 10 20 3.0
z/d
c) TXI);

Fig.8 x-y cross-wire shear stresses/pi2(x 103, x/d = 40).
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Level Shear
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Fig.9 x-z cross-wire shear stress, 7.2/pu>(X 10%, x/d = 40).

on the top or boundary-layer side of the plume. Finally, as with the
k., symmetry about the z axis was also observed in Fig. 8.

Given in Fig. 9 are the x—z transformed Reynolds shear stress.
Although not shown, the first term on the right-hand side of Eq. (2)
was again much larger than the second term. One very interesting
facet of the x—z shear stress contour is that it was asymmetrical
about the z axis, and the magnitude was positive across the entire
plume. This may be explained via the physical momentum argu-
ments described earlier coupled with the vortex interaction effects.
Based on the momentum transfer arguments, the shear stress on
the left or negative z side of the plume would be less than zero,
and the shear stress on the right-hand side would be positive. How-
ever, referring to Fig. 9, it is clear that the shear stress on the left-
hand side is positive. This apparent discrepancy is explained by
including in the argument the secondary flow. A second very dis-
tinguishing feature in Fig. 9, which is related to the positive shear
stress on the left-hand side of the plume, is the very high shear
stress in the boundary layer on the positive z side (i.e., in the re-
gion bounded by z/d =~ 0.0-3.0 and y/d ~ —1.7 to —0.4. This
high shear stress was primarily the result of the secondary flow.
Recalling the velocity vector contour (Fig. 4), it can be seen that
the vortex pair interacts strongly with the wall boundary layer. As
mentioned earlier, the merging of the entrained fluid resulted in a
stagnation point and the appearance of a third vortex located above
the left vortex. Above the right vortex in the boundary-layer region,
where the high level of x—z shear stress was observed, the span-
wise velocity accelerated from roughly —60.0 m/s (z/d = 3.0 and
y/d = —1.0to —2.0) nearly 0.0 m/s (z/d = —1.0and y/d = —1.0
to —2.0). This represents a locally large z-component, mean, dilata-
tional strain rate. This strain rate also appears in one of the pro-
duction components of the x—z turbulent shear stress, which could
explain the aforementioned peak. In summary then, the positive
shear stress in the left-hand side of the plume was most likely the
combined result of the increased strain rates due to the vorticity
and convection of the turbulent structures generated near the wall.
The physical mechanisms responsible for the positive shear stress
in the boundary-layer region above the left vortex are analogous
to those described for the left-hand vortex (i.e., increased strain
rates due to the third vortex, as well as a convection from the right,
and increased production due to the z component of the dilata-
tional strain rate). The spanwise velocity gradients just above the
left vortex affected the shear stress in that region. For example, the
flow from the left that stagnated at y/d = —2.0 and z/d = —1.0
(see Fig. 4) decelerated from approximately 30 to about 0.0 m/s.
Hence, the shear stress production in that region was reduced. The
local region of near zero shear at y/d = —2.2 and z/d = —1.2
(Fig. 9) provides evidence of the reduced production. The rela-
tively high shear stress located at y/d = —3.2 and z/d = —1.8
was colocated with a local region of spanwise velocity acceleration.

Level Shear

30 9 0.0018
- 8  0.0015
40 7 0.0012
6  0.0009
y/d -5.0 5 0.0005
4 0.0002
6.0 3 -0.0001
2 -0.0004
10 1 -0.0007
8.0
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30 20 -10 60 10 20 30
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Fig. 10 x-y Reynolds shear stresses /pi2(x 103, x/d = 40).
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Fig. 11 x—z Reynolds shear stresses /pi%(x 10%, x/d = 40).

Finally, the right-hand-side, peak shear stress at y/d = —5.0 and
z/d = —1.0, was collocated with the left vortex. This peak was a
result of an increased production due to the strain rates generated
within the vortex and probably to a lesser extent convection of tur-
bulent structures from the high shear stress region above the right
vortex.

Presented in Figs. 10a~10c are the three second-order terms on
the right-hand side of the x—y Reynolds shear stress given in Eq. (1).
In general, the structures of the contours were very similar to those
in Fig. 8. Thus, the conclusions about the interaction between the
mean flow and the turbulent shear stress discussed earlier are also
applicable to Fig. 10. One striking feature of the results in Fig. 10
is the relative magnitude of the various terms. The first and sec-
ond terms contributed practically all of the total shear stress (shown
in Fig. 8c), where the third term (Fig. 10c) was very small. Inter-
estingly, the present results show that the second term, Fig. 10b,
which was mainly due to compressibility, contributed nominally
67.0-75.0% of the total, i.e., the ratio Zp'v’/ ju'v’ was in the range
of 2.0-3.0. These results are consistent with the measurements of
Bowersox and Schetz,” Miller et al.,'” and Morkovin.'® Presented in
Fig. 11 are the two significant x—z Reynolds shear stresses as givenin
Eq. (1). As with the x—y results, the structure of the shear stress was
similar to those present in the transformed or cross-wire variables
(Fig. 9). The results in Fig. 11 indicate that the ratio #p"w’/pu'w’
was also in the range of 2.0-3.0.

Conclusions

Detailed, three-dimensional, compressible turbulence and mean
flow measurements were acquired across the plume of a low-angled
supersonic injection into a supersonic crossflow. The present mea-
surements indicated that the mean and turbulent structure were
strongly influenced by two counter-rotating vortices within the core
of the injection plume. The turbulent kinetic energy contour was
found to have two peak values that were co-located with each vor-
tex. It is suspected that the increased turbulent kinetic energy was a
result of increased production due to the effects of the mean, three-
dimensional, dilatational strain rates and an entrainment of high
turbulence intensity boundary-layer fluid. The overall structure of
the turbulent shear stress distribution across the plume was found
to be highly three-dimensional and complicated by the presence
of additional strain rates caused by the secondary vortex flow and
the convection of turbulent structures. Finally, compressibility was
found to be very important, accounting for 67.0-75.0% of the total
Reynolds shear stress, i.e., the ratios izp'v’ /5u'v’ and dp'w’/ pu'w’
were both found to be in the range of 2.0-3.0.
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