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Turbulent Flow Structure Characterization
of Angled Injection into a Supersonic Crossflow

Rodney D. W. Bowersox*
U.S. Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio 45433-7755

An experimental analysis of the three-dimensional, turbulent, compressible flow structure of a highly under-
expanded Mach 1.8 jet injected at an angle of 25 deg into a Mach 2.9 freestream is described. The experimental
methods include cross-film anemometry, conventional mean-flow probes (pitot and cone-static pressure), schlieren
photography, and surface oil-flow visualization. The mean-flow data consist of axial mass flux, y-z plane mass flux
vector, and total pressure contour plots. Turbulence data include x, y, and z mass flux turbulence intensity compo-
nents, x-y and x-z Reynolds shear stresses, and anisotropy coefficients. Two relatively large recirculation cells were
located just downstream of the injector. In addition, the vortex pair within the plume dramatically affected the
overall mean and turbulent flow structure. The axial turbulence intensity had two peaks that were collocated with
the vortex pair. The transverse and spanwise intensities peaked on the right and left sides of the plume, respectively.
The anisotropy contours also showed a strong dependence on the secondary motion of the two counter-rotating
vortices. In particular, the z-y coefficient had a maximum located within one vortex, and a minimum in the other.
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Subscripts

compressible, or cone-static pressure
= effective

= jet

= reference condition

= total condition

= freestream condition

= local condition

= behind normal shock (pitot pressure)
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Superscripts

L = laminar

T = turbulent

/ = Reynolds (time-averaged) fluctuating component
- = Reynolds mean component
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Introduction

NJECTION into a supersonic crossflow is important for a num-

ber of practical applications; for example, thrust vector control,
supersonic combustion ramjet fuel injection, and boundary-layer
control. The overall structure of the mean flowfield associated with
injectioninto a supersoniccross streamhas been the subjectof much
investigation.! ~'° The earlier studies’ * concentratedon developing
techniques to predict the plume and Mach disk trajectories. Those
studies mainly used schlieren photography, pitot pressure probes,
and concentrationprobes, for dissimilar gaseous injection, to quan-
tify the mean flowfield. The effectsof injectionangle,including yaw,
on the mean concentration field also have been investigated’~® In
addition, the upstream interaction has been the subject of study.’

As aresult of the large number of studies, the mean-flow physics
of supersonic injection into a supersonic crossflow are reasonably
understood. First, the injection into a supersonic freestream cre-
ates what is usually termed the interaction shock, which generally
separates the incoming boundary layer. Thus, the familiar lambda-
shock/boundary-layerinteraction structure is generated. Because of
the unsteady nature of the shock/boundary-layerinteraction, the in-
teraction shock position is also unsteady. In the case in which the
incoming boundary layer was laminar,’ the separation region was
relatively large. For turbulent boundary layers, as is the case for
the present study, the separation region is usually much smaller.
As the jet emerges, it is turned downstream by the incoming high-
momentum freestream. Also, as the underexpanded jet emerges, it
expandsto conditionsrequiring terminationat a normal shock called
the Mach disk.® Directly behind the injector, the flow is separated,
which is followed by areattachmentof the flow and a recompression
shock. Again, on account of the unsteady separationregions, the re-
compression shock position is also unsteady. A relatively strong
counter-rotatingvortex pairis present within the plume. Most of the
evidence for the vortex pair has been based upon the kidney-bean
shape of the plume.!! In addition, low-speed measurements have
confirmed the existence of the vortex pair.'>~'* A smaller, weaker
horseshoe vortex, similar to that generated by a wing-body junc-
tion, occurs at the injection-crossflow junction. It also has been
documented that a vortex street results from the flow separationjust
downstream of the jet.!> A fourth, near-field, exit ring-like vortex
system also has been reported for low-speed flows.!>!® This system
isbelievedto be the resultof the sheddingof injectorboundary-layer
vorticity.

The turbulent flow structure associated with supersonic injec-
tion is more complex and significantly less understood than the
mean flowfield. However, a number of low-speed studies have been
performed.'>~!® Even though there are many similarities between
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the high-speedand low-speedinjectionflows, significantdifferences
also exist. For example, it has been well established that turbulent
mixing is severely inhibited by compressibility.”'¥ Second, the up-
stream shock/boundary-layerinteraction adds complications to the
compressible-flow case. Compressibility also can affect the vortic-
ity field via the baroclinic torque and bulk dilatation, which are both
zero for incompressible flows. Because high-speed studies that in-
clude turbulence measurements'®' are rare, a substantial amount
of the current understanding of these flows has been founded in
reasonable extrapolations of the incompressible knowledge base.

Although computational fluid dynamics has become a very im-
portant research and design tool, the lack of computational re-
sources necessary for direct numerical or large eddy simulation of
practical high-Reynolds-number turbulent flows means that engi-
neers must rely on an approximate averaged form of the governing
Navier-Stokes equations. Mass-weighted-time or Favre averaging
is adopted almost universally?® Hence, at present, simulation of in-
jection flows is limited by the accuracy of the turbulence modeling
methodologyemployed, and the developmentof models suitable for
injection flows has been severely hindered by the extreme dearth of
turbulence data.

The purpose of the present study is to provide insight into the
three-dimensional turbulent flow structure associated with super-
sonic injection flow. Cross-film anemometry, along with conven-
tional pitot and cone-static pressure probes, was incorporated to
provide mass-weighted mean and turbulent flow information. In
addition, flow visualization techniques (schlieren photography and
surface oil flow) were used to provide qualitative insight into the
overall structure of the flowfield. The mean-flow data presented
here include contours of total pressure and mass flux. The turbu-
lence measurements include contour plots of mass flux turbulence
intensity, x-y and x-z plane turbulent Reynolds shear stresses, and
anisotropy coefficients.

Experimental Apparatus
Facilities

All tests were performed in the U.S. Air Force Institute of Tech-
nology pressure-vacuum supersonic wind tunnel. The freestream
Mach number across the nozzle exit plane for this facility is 2.9,
with a £0.03 variation. The settling-chamber pressure and temper-
ature were maintained at 2.0 £ 0.03 atm and 294 £ 2 K for all
tests. The freestream Re/m was 15 x 10°. The freestream turbulent
kinetic energy was 0.016% of the freestream mean specific kinetic
energy. The test sectionis 6.35 x 6.35 x 28.0 cm.

The injector model was built into the ceiling of the tunnel as
shown in Fig. 1; also shown is the coordinate system. The injectant
gas was air at M = 1.8. The throat and exit diameters of the conical
nozzle were 3.22 and 3.86 mm, respectively. The injector-nozzle
divergence angle was 0.83 deg. The injection angle was 25 deg
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relative to the freestream. Because the injector was at an angle, the
exit port was elliptical with 3.86 and 9.14 mm minor and major axis
lengths, respectively. The injectant total pressure and temperature
were 3.8 £ 0.03 atm and 294 £ 2 K, respectively. The injection
parameters Py; /P, P; /P, /U, p;/ps Were 1.93,10.5,0.79,
and 6.47, respectively.

Data Analysis

Microsecond spark schlieren photographs of the flowfield were
taken, and surface oil-flow visualizations were obtained. Conven-
tional pitot (p,,) and 10 & 0.03 deg semivertex angle cone-static
pressure (p.) probe surveys were acquired. The ratio of these data
allowed for the calculationof the local total pressure (p,;) (Ref. 21).
Normalized uncertainty estimates are summarized in Table 1. The
uncertainty estimates account for the propagationof pitot and cone-
static probe transducer calibration, probe location, and tunnel con-
ditionrepeatabilityuncertaintiesthrough the datareductionanalysis
to arrive at the local total pressure.

TSI brand IFA 100 constant-temperature anemometer systems
were used with cross-film sensors? TSI 1243-20 and 1243-20AN
cross-film probes were used. Each of the two platinum hot-film
cylindrical sensors on a probe had a length of 1.0 mm and a di-
ameter of 51 um. The two sensors on a probe were nominally
1.0 mm apart. Cross-film measurements were obtained in both the
x-y (1243-20 probes) and the x-z (1243-20AN probes) planes. The
frequency response was optimized to nominally 150 kHz by the
square-wavetechniquein the Mach 2.9 freestream. All of the present
data were taken using the single overheat technique,* where the re-
sistanceratio was set to 2.03 &= 0.03. In a related study, McCann and
Bowersox'? demonstratedthat the single overheattechnique was ad-
equate for the present adiabatic flow. All probes were designed for
boundary-layertype measurements. Hence, flow access for all data
was through the tunnel floor.

The cross-film data reduction techniquesused here were founded
in the analyses of Kovasznay** and Spangenberg?® In general, the
reduction was based on the empirical heat-loss formula

Nu =a+/Re, +b 1)

Table 1 Uncertainty analysis results

Tunnel floor
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1 Schematic of wind-tunnel model.
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where Nu is the wire Nusselt number, and Re, is the effective
cooling Reynolds number.?>2¢ On the basis of the findings of
Spangenberg,? the cosine law was assumed valid. In addition, the
flow angles in the present thin-layer type of flow did not deviate
substantially from those of the calibration. In general, single over-
heat cross-wire anemometry provides the mean mass flux compo-
nents, pu;, the mass flux turbulence intensities, /[(ou;)?], and
the (ou;)'(pu;)’ correlation.?? The uncertainty estimates, account-
ing for the propagation of calibration, probe location, and tunnel
condition repeatability uncertainties, are summarized in Table 1.
McCann and Bowersox!'? confirmed that the Reynolds shear stress,
including the compressibility terms, was directly measurable with
the cross-film probe for the present flow.

The probes were calibrated by placing them in the tunnel
freestream. and varying the tunnel total pressure. Because a single
data contour involved a series of tunnel runs, the probes were inter-
mittently calibrated throughout the testing matrix to ensure that they
had not suffered from oxidation or contamination. The minimum lin-
ear regression correlation coefficient for any of the calibrations was
0.995.

Anisotropy coefficients?® provide insight into the structure of the
turbulent flow by comparing the relative magnitudes of the turbulent
fluctuation components. For the present study, three conventional
anisotropy coefficients were calculated as

Vv (pv)?

v (pv)™? A = v (pw)"? A =
—_— Xz — Y =
¥ilew™ V (pw)?
@)

v (pu)”?
A fourth, three-dimensional anisotropy parameter was defined here
to represent overall magnitude of the fluctuating mass flux vector,

ie.,
J1+ Al + AL
V3

The three-dimensional parameter in Eq. (3) was normalized to the
isotropic condition by the /3 factor in the denominator. Taken with
Eq. (2), the three-dimensional anisotropy parameter provides a con-
venient manner in which to assess the level of isotropy of the turbu-
lent flow. See Table 1 for the random-error estimates.

Ay =

A 3)

Results and Discussion
Flow Visualization
Presented in Fig. 2a is a schlieren photograph of the present flow.
The flow was from left to right, and the injector was in the ceiling.

Injector- Boundary Layer s d = 40
paration . Reattachment

b) Surface oil flow

Fig. 2 Flow visualization.
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Fig. 3 Total pressure contours (P;;/Po).

The salient flow features include the injector interaction shock, the
injection plume, and a recompression shock just downstream of the
injector. Recall from the Introduction that the position of the two
shocks was expected to be somewhat unsteady. After comparing five
photographs, it was noticed that at x/d = 17, the location of the
interaction and recompression shock varied by roughly 0.1d (0.4
mm) and 0.3d (1.1 mm), respectively. The enlarged region near the
injector shows a very small lambda-shock structure that is indicative
of boundary-layer separation. The x/d = 20 measurement station
also is annotated on Fig. 2a. At x/d = 20, the interaction shock
was located at roughly y/d = —12.5, and the recompression shock
was at y/d ~ —8.0. The facility boundary layers also are depicted
in Fig. 2a. The boundary-layer/injection diameter ratio 8,,/d was
estimated to be 1.6.

The surface oil-flow visualization is shown in Fig. 2b. The initial
oil-drop locations are clearly depicted on the figure. For this run,
the injector was placed in the tunnel floor. The flow in Fig. 2b was
from left to right. The vertex of a set of two curved lines that were
symmetric about the x-y plane centerline (i.e., the flow or tunnel
centerline) was located just upstream of the injector. The first line,
progressing in a downstream fashion, was the result of the interac-
tion shock separating the incoming boundary layer approximately
1.1 jet diameters upstream of the injector. The second line shows
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Fig. 4 Mean mass flux contours.

the reattachment location. As the oil progressed downstream and
around the injector, it was primarily confined between the sepa-
ration and reattachment lines. In addition, a significant amount of
oil was drawn back upstream along the centerline x-y plane just
behind the injector. Thus, two recirculation cells, which were sym-
metric about the injection centerline, were located just downstream
of the injector. As indicated by the oil-flow pattern, the x/d = 20
station was located just upstream of the interaction-shock sidewall
reflections crossing the plume. The second station was positioned
well downstream of this crossing, where the shocks were again just
striking the outer walls. Hence, they were completely out of the mea-
surement region. The effects of the reflected shocks on the measured
mean and turbulent flow properties are discussed in the following
two sections.

Mean-Flow Results

Total pressure contour plots are given in Fig. 3. The contours were
constructed from a series of y profiles. The conventional mean-flow
profiles were acquired in Az/d increments of 1.0. The contour plots
are oriented such that the flow is going into the page. The injection
plume is depicted clearly in each plot. As mentioned in the Introduc-
tion, because of the main vortex pair, the cardioid-shaped nature of
the injection core was expected.”>™*® 1f, for comparison, the plume
center is assumed to be collocated with the maximum concentration
for dissimilar gaseous injection, then the present penetration heights

of3.0d and4.5d atx /d = 20and 40, respectively, are in reasonable
agreement with the overexpanded, 30-deg-angled, helium injection
case (mass flux ratio of 2.16) of Mays et al.® The injection interac-
tion shock is shown clearly near the bottom (y/d ~ — 12.5) of the
x/d = 20 contour. The effects of the recompression shock at x/d
=20 also are evident (y/d ~ — 7.5). The z/d = 0 shock locations
atx/d = 20 were in excellent agreement with measurements from
Fig. 2a. In addition, the leading-edge interaction shock resulted in
a freestream total pressure loss of about 4.0-6.0%. The measured
shock angle in this region of the flow (see Fig. 2a) was roughly 30.0
deg. Using conical flow theory, a 4.2% loss was predicted. These
results indicated that the shock was not very strong. Because a rela-
tively low freestream total pressure loss occurred through the com-
bined interaction shock and reflected shocks (total loss of roughly
10%) at x/d = 40, it was expected that the shock interacting with
the plume had a minimal effect on the overall plume mean-flow
structure.

Presented in Fig. 4a are the mean axial mass flux contours mea-
sured with the cross-film probes. For these data, the measurement
field was reduced to just capture the plume, and the spatial resolu-
tion in the z direction was doubled, i.e., Az/d = 0.5. The results
in Fig. 4 show the same salient flow features as those described in
The preceding paragrapn, where again tne effects of the shock inter-
action with the plume were unnoticeable. The y-z plane mass flux
vector plots are given in Fig. 4b. Note that, because of probe attrition,
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Fig. 5 Mass flux turbulence intensity contours.

only the left-hand side of the plume was mapped with the x-z probe
at x/d = 20, with a spatial resolution of Az/d = 1.0. Because
the structure of the plume was similar between the two stations, this
was not considered a limitation. The counter-rotating vortex pair is
evident at both stations. Also, there appears to be evidence of a third
vortex just above the main vortex on the left-hand side of the plume
(x/d = 40,y/d =~ 1.0, and z/d ~ —2.0). Although the present
data do not allow a conclusive determination, the apparent third vor-
tex may have been the remnant of one of the horseshoe vortices, an
affect of the reported unsteady wake,'® or vorticity production due
to anisotropic turbulence.

Referring to Figs. 24, areasonable degree of symmetry about the
z axis was observed for both stations. However, some asymmetry
did exist. The asymmetry noticed here is consistent with the data of
other researchers over a variety of conditions ranging from normal
injection into a low-speed crossflow to low-angled injection into a
hypersonic freestream. For example, the temperature contours of
Kamotani and Greber!® for the highest injection velocity case, the
concentration plot for 15-deg injection into a Mach 6.0 freestream
of Fuller et al.,® the x/D = 8 and 10 concentration data of Hollo
etal.,” the x/H = 8 velocity vectors of Donohue et al.,?® and the
velocity vector results of Chitsomboon et al.? all showed evidence
of an asymmetry similar to that of the present study. For the most
part, the asymmetry has been attributed to upstream freestream and
boundary-layer nonuniformity. The incoming flow was surveyed
with the mean-flow and cross-film probes discussed earlier, and the

flow was found to be uniform to within the expected measurement
uncertainties. However, a number of other studies did not show
the asymmetry. For example, the temperature plots for the low-
injection-velocity case of Kamotani and Greber'? and the helium
concentration contours for the low-angled injection into a Mach 3.0
crossflow of Fuller et al.® appeared to be more symmetric. The fact
that in some situations the flow remains symmetric may be inter-
preted as being indicative of a bifurcation point, where under certain
conditions the equilibrium point shifts away from symmetry. Possi-
ble connections between this asymmetry to an interaction between
the secondary motion and turbulent flow structure are discussed in
the following section.

Turbulence Results
As indicated in Fig. 2b, the x/d = 20 station was upstream
of the shock-wave interaction with the plume, and x/d = 40

was downstream of the interaction. The effects of expansion and
compression waves on the structure of a turbulent wall boundary
layer have been well established.?*~3? In addition, studies on the
effects of a shock-wave interaction on the mixing® and turbulent
flow structure®® of high-speed free mixing layers also have been per-
formed. Samimy et al.>* noted that the interaction of a bow shock
with a two-dimensional free mixing layer had a negligible effect
on the turbulence intensity levels and the Reynolds shear stresses.
Comparing the magnitudes and structure of the turbulence inten-
sity component contour plots for x/d = 20 and 40 in Fig. 5, it is
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Fig. 6 Anisotropy contours (x/d = 40).

apparent that the results at each station were very consistent. The
main difference was the increased size of the plume and the slightly
lower intensity levels at the downstream location, both of which
were expected. Hence, the present results were consistent with the
conclusions of Samimy et al.3*

As indicated in Fig. 5a, the axial mass flux turbulence intensity
results demonstrated a strong dependence on the main vortex pair.
The peak turbulence intensity levels at both stations were approx-
imately collocated with the lower half of the vortices of the main
vortex pair (see Fig. 4b). The peak values were about 17.0 and
13.0% at x/d = 20 and 40, respectively. Because of the reduction
of the mean strain rates, it was expected that the production of the
turbulence would decrease in the far field. Hence, the decrease in
the turbulence intensity levels at x/d = 40 was expected. At both
stations, the contour plots exhibited the slight asymmetry discussed
in the preceding section, where the turbulence intensity levels were
nominally 10% higher in the vortex region on the left side. The axial
mass flux turbulence intensity magnitudes shown in Fig. 5a were in
good qualitative agreement with those of the axial velocity reported
in a number of low-speed studies.!>!>-1¢ In addition, the peak val-
ues being approximately collocated with the vortex pair also was
shown by Kamotani and Greber.'*> Shown in Figs. 5b and 5c are the
transverse and spanwise mass flux turbulence intensity contours.
The transverse turbulence intensity plot (Fig. 5b) showed a lesser

dependence on the vorticity. Interestingly, for this component, the
peak value was collocated with the right side vortex. The spanwise
turbulence intensity results were similar in structure to those of the
transverse; however, the spanwise component peaked at a location
centered in the left side vortex. Hence, the results in Figs. 5a-5c all
demonstrate a strong interaction between the secondary motion and
the turbulence intensity levels.

Turbulent anisotropy is an important characteristic that can af-
fect the transport of vorticity.3>~3” Because the turbulence intensity
results were found to be similar between the two stations, the
anisotropy coefficients are only shown for x/d =40. The four
anisotropy coefficients [Egs. (2) and (3)] are presented in Fig. 6.
A, (Fig. 6a) was found to peak along the right edge of the plume
centerata value of 1.28. A,, (Fig. 6b) peaked along the left-hand side
of the center at a value of 1.05. Around the periphery of the plume
and in the boundary-layer region of the flow, the A, and A,, levels
of 0.5-0.7 were consistent with both low-speed boundary layer®
and supersonic free-shear-layer’® results. Overall, Ay, was higher
in magnitude on the right-hand side and A,, was higher on the left.
As depicted in Fig. 6¢, the A,, coefficient also demonstrated a strong
dependence on the secondary flow motion. The peak-value region
within the plume on the right-hand side (centered near z/d = 1.0,
y/d = —4.8) was located near the lower inner portion of the
right vortex, and the minimum-value region within the plume on the
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left-hand side (centered near z/d = —1.5, y/d = —4.5) was lo-
cated near the upper outer part of the left vortex. Around the periph-
ery of the plume on the lower or freestreamside, A, was nominally
1.2-1.4, and on the boundary-layerside it was roughly 0.85-0.95.

The importance of A, on the vorticity field becomes apparent
through an examination of the vorticity transport equation. The
vorticity transport equation for compressible turbulent flow is ob-
tained by taking the curl of the Favre-averagedcompressibleNavier-
Stokes equations written in nonconservationform. Hence,

Do _ &V -V)—(&- V)V — Vx(éVﬁ)
Dt 0

+l_Vx(V-1'I) +V (é)x(V-H) )
b b

The first three terms on theright-handside of Eq. (4) depictthe famil-
iar compressibilityand three-dimensionalvortex stretching,and the
baroclinic torque. The fourth term denotes the molecular diffusion
and anisotropicturbulenttransport, where the last term representsan
anisosteric (i.e., variable density) molecularand turbulentdiffusion.
Because the present study was aimed at the interaction between the
turbulence and the vorticity across the plume, focus was placed on
the x component of the anisotropic transport term. Denoting this
term as

Dw,
Dt

A

it was expressed as

1[ 92 ( ’ T) N 9 [0zl 9t
== —\7.. — T, —_— — —
., pLdeE dx \_ dy 0z

2 9\,
(5 32) ] ®

Hornung®® demonstrated that the first term on the right-hand side
of Eq. (5) was responsible for the production of the four counter-
rotating vortex pairs found in straight, fully developed, rectangu-
lar duct flows. In addition, Speziale,36 as discussed by Wilcox,”
showed that the presence of these vortices can be predicted numer-
ically if the anisotropic nature of the turbulence is included in the
turbulence model. The standard Boussinesq model cannot predict
this secondary motion.”” To qualitatively assess the effects of the
anisotropy on the vorticity, the first term in Eq. (5) was approxi-
mately evaluated using the A, data in Fig. 6¢ for the two nearly
circular maximum and minimum anisotropy regions centered near
z/d = —1.5,y/d = —45andz/d = 1.0, y/d = —4.8. Plotted
inFig. 7 are linesof 1 — A, for these two regions [+z/d and —z/d
correspond to the right (triangles) and left (squares) sides, respec-
tively]. The abscissa variable r was defined as the radial coordinate
measured from the center of the two symmetric regions. The four
sets of data correspond to vertical (y-line) and horizontal (z-line)
data profiles, which were taken along the centerlines of the two
regions. The data in Fig. 6¢ and Fig. 7 both indicate that the two re-
gions were reasonably symmetric, hence a polar coordinate system
located at the center of each region was postulated. With this, the
second derivativein the first term in Eq. (7) was estimated as d? /dr2.
To evaluate this derivative, parabolas were fitted to the data in Fig. 7
(solid and dashed lines correspond to the y and z data sets, respec-
tively). Thus, d>(1 — A,,)/dr* ~ 1.3 £0.3 and —0.65+ 0.2 for the
+z/d and —z/d anisotropic regions, respectively. The signs on the
anisotropic vorticity transportare in agreement with the streamwise
vorticity shown in Fig. 4 (Ref. 35). These data suggest that the vor-
ticity productiondue to this anisotropy should be higher on the right-
handside of the plume. A finite differenceestimate of the streamwise
vorticity demonstrated that the peak vorticity on the right-hand side
was about 15.0% higher than the corresponding peak on the left-
hand side." Recall from Fig. 5a that the axial turbulence intensity
levels were about 10% higher within the left vortex as compared to
those associated with the right-hand side. Hence, the higher axial
vorticity damped the magnitude of the axial mass flux fluctuations.
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Fig. 7 Anisotropy profiles (1 — Ay, x/d = 40).

These results, as well as the other gradients in A.,, may have been
responsiblein part, via Eq. (5), for the slight plume asymmetry, or,
if the asymmetry was due to a bifurcation, then the anisotropy may
have influenced the preferred direction of the new equilibriumpoint.

Shown in Fig. 6d is the three-dimensional anisotropy parame-
ter defined in Eq. (3). The results in Fig. 6d show that the overall
magnitude of the turbulence near the center of the plume tended
toward A ~ 1.0. Referring to Fig. 4a, it is apparent that this re-
gion within the plume correspondedto a location of relatively low
mean shear-strain rate. On the other hand, it also was the location
of the interaction of the two main vortices (Fig. 4b). It is expected
that the highly three-dimensional strain rates in this region resulted
in the nearly equal-magnitude turbulent fluctuations. Again, the
anisotropy coefficients around the periphery and in the boundary-
layerregion were very similarto incompressibleboundary-layerand
two-dimensional supersonic free-shear-layervalues. The relatively
large mean shear-strain rates around the periphery resulted in this
state of anisotropy.

Given in Fig. 8 are the x-y and x-z plane Reynolds-averaged
turbulentshear stresses normalized by twice the local mean dynamic
pressure, p 2. As indicated, the overall structure of the turbulent
shear stress data was very similar between the two stations. The x-y
shear stresses (Fig. 8a) were found to peak along the left side of the
center of the injection plume; around the periphery of the plume,
they were negative on the lower or freestream side and positive on
the upper or wall side. The shear-stress signs within the boundary
layer were also negative. The signs of the shear stresses around the
periphery of the plume, like those within the boundary layer, did
conform with conventional momentum transfer arguments.!® Also
note that the structure of the x-y turbulent shear-stress plot is very
similar to that of A, and A (Figs. 6a and 6d). The peak shear-stress
magnitudes along the center of the plume are also important from
a turbulence modeling perspective. First, these data suggest that a
standard eddy viscosity turbulence model (zero or two-equation)
would not be well suited to predict the peak shear stresses along the
plume center because of the relatively low magnitude of the strain
rates in that region. Second, the high shear-stress levels along the
plume center indicate that the turbulence in this region is highly
anisotropic. It is possible that the peak shear-stress levels along
the center of the plume in Fig. 8a are the result of a multimodal
signal due to the inherent unsteadiness of the flow. To qualitatively
investigate this possibility, the time trace from one of the cross-film
sensors is given in Fig. 9. As indicated, the signal does not show
any signs of being bi- or multimodal. However, if the multimodal
frequencies were greater than 10 kHz, then the present experiment
would not have been able to resolve them.

The x-z turbulent shear stresses (Fig. 8b, x /d = 40) were found
to be positive over the entire flowfield and strongly dependenton the
secondary motion (the peak values on both the right- and left-hand
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Fig. 8 Reynolds-averaged turbulent shear-stress contours.
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Fig. 9 Cross-film voltage signal at the plume center for x/d = 40; time
trace for plume center (x/d = 40, y/d = —5, z/d = 0).

sides were approximately collocated with the counter-rotating vor-
tex pair). If the simplistic Boussinesq turbulence model, with the
secondary motion neglected, were applied, then antisymmetry about
the z axis would have been expected, where the shear stresses on
the left-hand side would have been negative and those on the right
positive. However, as depicted in Fig. 8b (x/d = 20 and 40), the
increased turbulent shear-stress production due to the additional
strain rates associated with the secondary flow had a significant im-
pact on the turbulent flow structure.'® Hence, a nonlinear turbulent

constitutive law is most likely required for the present flow. Thus,
the nonlinear turbulent shear-stress formulation of Saffman,* as
described by Wilcox,*” was heuristically applied to qualitatively as-
sess the signs of the turbulent shear stress around the plume. The
x-z turbulent shear-stress formulation of Saffman? is given by

Tyy = Ur[280y — (D/pk)(Sex Rz + SeyQye + Syz Ry + 5::22)]

Neglecting the axial gradients and assuming that D ~ —1.0 (which
is roughly consistent with the models of Wilcox and Rubesin*! and
Shih*?), the turbulent shear-stress relation reduces to

T ou 1 u du '\ v 6

T, X UT az+2,0k 3y+az 72 (6)
Referring to Fig. 4 to conceptually infer the signs on the mean strain
rates in Eq. (6), it was deduced that the second term on the right-
hand side has the potential to be positive over the entire plume [with
the exception of the plume center where Eq. (6) implies a zero shear
stress]. Further, the relatively high positive regions in Fig. 8b located
nearz/d = —1.0,y/d = —=5.0andz/d = 1.5,y/d = —3.8cor-
responded to positions where both strain-rate products in the second
term in Eq. (6) would produce positive shear stresses. Hence, the
present measurements were reasonably consistent with the above
model. The necessity of the nonlinear shear-stress formulation also
would indicate that the energy transfer between the mean flow and
the turbulence by way of the turbulence production would not be
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symmetric across the plume and hence perhaps contributing to the
asymmetry discussed earlier. The rather remarkable anisotropy be-
tween the x-y and x-z turbulent shear stresses (comparing Figs. 8a
and 8b) also could have impacted the vorticity transport by way of
the second term on the right-hand side of Eq. (5).

The present data suggest a strong interdependency between the
secondary motion and the turbulent flow. Although not the primary
focus of the research, it also was postulated that the asymmetry no-
ticeable in the present as well as a number of other studies® 3272
was a result of this interaction. Three plausible explanations for the
generation of the asymmetry have been suggested: vorticity produc-
tion [Eq. (4)] due to the anisotropy,a bifurcation of the equilibrium
state that was biased by the anisotropy, and an asymmetric energy
transfer between the mean and turbulent flow due to the nonlinear
nature of the turbulent shear-stress/strain rate relationship.

Conclusions

An experimental study, focused on examining the three-dimen-
sional turbulent structure of an angled, overexpanded, supersonic
gaseousinjectioninto a supersoniccrossflow, is presented. Schlieren
photography and surface oil-flow visualization are used to provide
a qualitative global picture of the present flow. Cross-film anemom-
etry, in conjunction with conventional mean-flow probes, is used
to provide both three-dimensional mean-flow and mass-weighted
turbulence data. Two relatively large recirculation cells are located
just downstream of the injector. In addition, the vortex pair within
the plume dramatically affects the overall mean and turbulent flow
structure. The axial turbulence intensity is found to have two peaks
that are collocated with the vortex pair. The transverse and span-
wise intensities peak on the right and left sides of the plume, re-
spectively. The anisotropy contours also show a strong dependence
on the secondary motion. In particular, the z-y coefficient has a
maximum located within one vortex, and a minimum in the other.
Although not a primary focus, an asymmetry across the plume was
noticed. Similar asymmetries were noticed in a number of other
studies over a wide range of flow conditions. Aside from possible
upstream nonuniformities, three plausible explanationsfor the gen-
eration of the asymmetry are postulated: vorticity production due
to anisotropy, a bifurcation of the equilibrium state that was bi-
ased by anisotropy, and an asymmetric energy transfer between the
mean and turbulent flow due to the nonlinear nature of the turbulent
shear-stresshtrain rate relationship.
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