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Observations of Liquid Jets Injected into a Highly Accelerated
Supersonic Boundary Layer

Arthur W. Johnson* and K. R. Sreenivasant
Yale University, New Haven, Connecticut 06520

Experiments were conducted to observe the cross-sectional structure and streamwise growth of round
transverse liquid jets injected into a highly accelerated boundary layer in supersonic flow. The accompanying
shock structure was also visualized. In one case, a round jet of acetone was injected into a fully turbulent Mach
2.5 boundary layer that was subsequently accelerated and partially laminarized through a sharp Prandtl-Meyer
expansion corner. In the second case, a jet was injected into the laminarized Mach 3.2 boundary layer
downstream of the expansion corner at the same jet-to-freestream momentum ratie. The jet and shock structure
in both cases were visualized using schlieren optics. Wall-flow patterns were visualized using paints. It was found
that the lateral spreading of jets injected downstream of the expansion fan was augmented close to the wall and
had a cross-sectional structure significantly different from that of the jet injected upstream: the upstream jet
spreads rapidly at the expansion corner in both the lateral and vertical directions.

Nomenclature
d =diameter of jet orifice
M =Mach number
P = pressure
Re = Reynolds number
St = Stokes number, ¢,/¢
T = temperature
tr =time scale for host flow
t, =time scale for the deceleration of acetone droplets
U =mean velocity
U~ =Ualpw/74)"
u’ =root-mean-square of velocity fluctuations
¥y =normal distance from the wall
y+ =yU*/v
] =boundary-layer thickness (y at 0.99U,.)
o* = displacement thickness
0 =momentum thickness
v =kinematic viscosity
o = density
T = shear stress
Subscripts
vd = Van Driest transformed quantity
w =wall conditions

0 = stagnation condition
oo = freestream conditions

Introduction

RANSVERSE injection of jets in supersonic crossflow

are of continuing interest in areas such as the combustion
of fuel/air mixtures in scramjet combustors and for
thrust-vectoring devices on aircraft.!> In many cases, the jet is
injected into a boundary layer highly accelerated by a rounded
or sharp convex corner. It is well known that the structure of
accelerated turbulent boundary layers is significantly distorted
and may ‘‘laminarize’’ if the pressure gradient is strong
enough.*® Characteristics of highly accelerated boundary
layers, such as larger near-wall gradients of Mach number and
velocity, thickening of the sublayer, and lower turbulence
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intensities, are likely to influence the mixing and the
complicated three-dimensional flowfield due to the interaction
of the transverse jet and the boundary layer.

Significant features of the flowfield produced by the inter-
action of a jet and a supersonic crossflow are shown in Fig. 1.
Upstream of the jet, the flow separates, and consequently a
‘“‘separation shock’’ leading to a three-dimensional bow shock
over the jet is created. Horseshoe vortices are formed just
upstream of the jet in the separated flow as described by
Shang et al.,® and the associated counter-rotating vortices are
convected downstream adjacent to the jet. The number,
strength, and size of the horseshoe vortices depend on a vari-
ety of factors such as the upstream shock configuration, jet
pressure, and velocity. In studies by Shang et al. for a gaseous
jet injected into a hypersonic crossflow, up to four vortices
were found numerically in the upstream separation region.
The cross section of the jet near the nozzle (Fig. 2) is deformed
to an elliptical or kidney shape,'® whereas the interaction of
the flow with the jet column creates a pair of counter-rotating
vortices as modeled by Heister et al.!! The three-dimensional
bow shock upstream of the jet is, as discussed by Kumar et
al.,? a significant source of mean and fluctuating vorticity.

It is of interest to examine whether the structure and devel-
opment of a jet injected downstream of a Prandtl-Meyer
expansion corner would be affected by the distorted velocity
profile and reduced turbulence intensity characteristic of the
highly accelerated boundary layer. It would also be of interest
to compare the jet spread and other flow characteristics in this
case with those of a jet injected upstream of the Prandtl-

Separation shock Bow shock
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Fig. 1 Isometric sketch of liquid jet in supersonic crossflow with
associated separated flow. Vortices are not to scale.
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Fig. 2 Cross-sectional structure near the jet exit, section A-A of
Fig. 1.
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Fig. 3 Test section and model.

Meyer expansion. Jets injected upstream mix better in the
vertical direction because of the divergence of streamlines
through the Prandtl-Meyer expansion and in the lateral direc-
tion because of the amplification of streamwise vortices.

The intent of this study is to observe and compare the
streamwise growth, shock structure, and cross-sectional struc-
ture of round transverse liquid jets interacting with an acceler-
ated supersonic boundary layer. Two cases are considered.
The first considers an acetone jet injected into a laminarized
Mach 3.2 boundary layer just downstream of an expansion
corner. The second case considers a jet injected into the fully
turbulent Mach 2.5 boundary layer just upstream of the
Prandtl-Meyer expansion and its subsequent evolution as it
negotiates the expansion and mixes far downstream. The jet-
to-freestream momentum ratio in both cases was set to 0.92.
The jet developments in the two cases are compared by visual-
izing the shock structure, cross-sectional flow structure, and
lateral and vertical growth of the jets. Patterns of jet contact
at the wall were also determined. Some interpretation of the
observed differences in the two cases is provided.

Experiment

Experiments were conducted in a variable Mach number
blowdown supersonic wind tunnel with a cross-sectional area
of 10 X 11.5 cm. A turbulent boundary layer developed on the
floor of the wind tunnel and negotiated a single cornered
wedge model with curved forebody as shown in Fig. 3. The
radius of curvature of the forebody was R/6=30. The
boundary layer subsequently developed on the straight part of
the wedge before encountering a 15-deg expansion corner.

Static taps of diameter 0.68 mm were drilled along the center
of the model spaced 3.17 mm apart. These taps also served as
ports for jet injection. Jets were injected from a pressurized
reservoir, and the flow rate was calibrated and controlled by
the upstream pressure setting. The wind tunnel was operated
with a stagnation pressure of 4.9 x 10° Pa and average stagna-
tion temperature of 291 K. Wall conditions were nearly adia-
batic. The approximate run time of the wind tunnel was 30 s,
whereas the times required to reach a steady state for the wind
tunnel and injection apparatus are on the order of 10 and 0.25
s, respectively. All data were taken within a 15-s window of
steady operating conditions.

Properties of the mean flow without injection were mea-
sured using static taps and flattened pitot probes. The pitot
probe dimensions were set within limits determined experi-
mentally by Allen!? so that corrections to the measurements
were not required. Stagnation temperature and pressure were
measured from the settling chamber upstream of the test sec-
tion.

Turbulent quantities were measured using normal 5-pm-
diam tungsten hot wires with an etched length of 0.7 mm. The
frequency response of the wires was tuned approximately flat
up to 250 kHz. This corresponds to 5U./é which, according
to Kistler,”® resolves the energy-containing motion of the
boundary-layer fluctuations. The overheat ratio of the con-
stant temperature DISA anemometer at room temperature
was set to 0.9. The output of the anemometer was separated
into a mean and fluctuating component using two signal con-
ditioners to amplify and prefilter the data. The fluctuating
component of the signal was high passed at 10 Hz and low
passed at 250 kHz. The hot-wire data, as well as the pressure
and temperature measurements, were recorded using a concur-
rent data acquisition system whose upper limit on the sam-
pling rate was 1 MHz.

Calibration and interpretation of hot-wire signals were
based on the methods discussed by Smits and Muck.!* Density
fluctuations were separated from the signal using the so-called
“‘strong Reynolds analogy’’ developed by Morkovin'® that
assumes an adiabatic flow with negligible pressure and total
temperature fluctuations. The formulation leads to the follow-
ing relationship that describes the proportionality of velocity
fluctuations and fluctuations of mass flux (p#)’ measured by
the hot wire:

u' _ _ g e’
U [1+(y- DM U

Acetone was chosen as the fluid for injection. Because of
the relatively high boiling point and low surface tension of
acetone, it atomizes to very small droplet sizes when sheared
by the crossflow. Studies by Smith!® have shown that the
droplet sizes of an acetone fog in flows comparable to the one
studied here are on the order of 3 um in diameter. Although
the droplets are not expected to follow the flow near the wall
when negotiating the Prandtl-Meyer corner, Smith!¢ has
found that acetone droplets follow large-scale turbulent struc-
tures adequately.

Acetone was injected at two locations into the mean flow.
The first location was 19 mm (28d) before the expansion
corner, whereas in the second experiment the acetone was
injected 50 mm (74d) after the expansion corner. At the down-
stream injection location, the pressure gradient was zero and
the flow uniform. The jet-to-freestream momentum ratio in
both experiments was approximately 0.92. Although it would
be desirable to use a higher momentum ratio to simulate
practical circumstances, our facility prevented reliable opera-
tion at higher pressures. The momentum ratio used provides
enough penetration height to observe the salient features of
the jet structure.

Spark and continuous schlieren optics were used to ascer-
tain shock patterns, flow structures, and turbulent regions of
both the basic flow and the flow with injection. The duration
of the spark schlieren was approximately 20 ns. The schlieren
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images were recorded on a video camera and digitized using a
PC-based video editing system.

The cross-sectional structures of the jets were visualized
using Mie scattering with laser optics to determine their
‘‘edges.” The optical configuration is shown in Fig. 4. A
1-mW helium-neon laser beam was converted to a sheet of
thickness nearly 0.25 mm and passed through the jet in cross-
flow. The laser sheet was oriented at positions perpendicular
to the wall of the model and the direction of the mean flow.
The scattered laser light was recorded on a video camera. The
images were then digitized using a frame grabber with a
647 %X 480 square pixel array. Considering the system as a
whole, the resolution consists of a 540 x 280 pixel array cover-
ing a 27 X 27-mm area for the laser images. The average signal-
to-noise ratio was on the order of 30. From the images, the
edges of the cross sections were determined visually and
marked on photographs. As a check, the edges were redeter-
mined using a pixel thresholding method. A histogram of pixel
intensities of the digitized images was obtained. The peak of
the histogram is the average pixel value of the background,
and the pixel intensity defining the boundary was the
threshold above which the slope of the histogram began to
asymptote to zero (for details, see Prasad and Sreenivasan!’).
The coordinates of these edges were then measured using
appropriate scales and recorded.

The surface of the wedge model was coated with black paint
in some experiments to obtain a qualitative picture of jet

Acetone Jet Laser Sheet
Model
>
=
N 72 Helium-Neon
Laser
A (i
g\o" s // Lens y
Test Section /'

Video Camera

Fig. 4 Optical arrangement for the visualization of jet cross sections.
The beam from a 1-mW helium-neon laser passes through a spherical
fens focused on the test section and converted to a sheet of light with
thickness of order ~ 0.25 mm. Mie scattered light from the acetone
droplets of the jet is recorded by a video camera focused on the laser
sheet at the jet cross section.

Expansion fan

A A
X (mm) M., U..(m/s) 8" (mm) 8 (mm) Reg
1 -19 235 565.4 32 0.75 37,000
2 -5 2.5 569.4 31 0.75 37,200
3 25 3.13 616.3 3.1 0.66 21,900
4 50 3.2 625.9 44 0.79 25,900
5 75 32 625.3 A7 0.83 27,100
6 100 32 625.9 47 0.83 27,200
7 125 3.2 625.6 49 0.86 28,100
8 150 3.2 625.5 54 0.94 30,700

Fig. 5 Properties of the mean flow: a, injection point locations.
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Fig. 7 Velocity profiles of the basic flow at points of injection: +,
19 mm upstream of the corner; o, 50 mm downstream of the corner.

contact at the wall. The paint is wiped away wherever fresh
acetone contacts the wall.

Results and Discussion

Properties of the mean flow as measured by the static pres-
sure tap and pitot probe measures are shown in Fig. 5. The
mean velocity was converted to the incompressible form using
the Van Driest transformation!s:

y 1%
U(y)vd=j (pﬁ> du
0 w,

The static pressure along the centerline of the wedge is shown
in Fig. 6. The Mach 2.5 turbulent boundary layer upstream of
the corner was accelerated to Mach 3.2 by the favorable pres-
sure gradient at the Prandtl-Meyer expansion fan. Note that
this 28% increase in Mach number translates to only a 10%
increase in freestream velocity. The ratio of the pressure drop
to upstream wall shear stress was on the order of 100. This
meets the criteria for laminarization of turbulent boundary
layers.” Here, the pressure drop was ascertained from the
static pressure measurements, whereas the wall shear stress
upstream of the corner was estimated using the best log-law fit
to the mean velocity profile data. The structure of the
boundary-layer velocity profiles at the chosen points of jet
injection is shown in Fig. 7. The velocity profile becomes
distorted and more full as it negotiates the expansion. When
plotted in wall variables (Fig. 8), the distortion can be seen
clearly in the downstream velocity profile; furthermore, there
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Fig. 8 Van Driest transformed velocity profiles at points of injec-
tion: a) 19 mm upstream of expansion corner and b) 50 mm down-
stream of expansion corner. Lines: U* =245 (y *) + 5.2.
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Fig. 9 Velocity fluctuation intensity through the expansion and at
downstream locations. The reference velocity, Uies = 569 m/s, is the
freestream value at x = — 19 mm; ¢, x = —19 mm; o0, x = 50 mm;
¢, x =100 mm; +, x = 150 mm.

is a large reduction in the wake component due to the acceler-
ation at the expansion corner.*

Hot-wire measures of the longitudinal velocity fluctuations
show a significant reduction of up to 66% in intensity through
the acceleration (Fig. 9). As the accelerated boundary layer
develops downstream of the expansion, new turbulence is
produced below y/6 = 0.1 and slowly grows into regions away
from the wall. The turbulent fluctuations above y/8 = 0.1
decay slowly. It should be noted that the upstream boundary
layer is recovering from a compression over a large radius of
curvature. Yet the upstream turbulence level, when normal-
ized as (pu '?/1,)", is only slightly over the range measured in
equilibrium turbulent boundary layers in supersonic flows®
and maintains a similar structure. Such an observation is
consistent with findings by Jayaram et al.,'° who show that the
turbulent structure for compressible boundary layers encoun-
tering mild concave curvature is not significantly altered.

Visualizations of the flowfields using spark and continuous
schlieren optics are shown in Figs. 10a-10f. The basic flow-
field without injection, Figs. 10a and 10d, has shocks from the
leading edge and curved wall of the forebody of the wedge
model. Downstream of the expansion fan at the corner, the
development of a new laminar inner layer is visible at the wall.
As expected, the bow shock and recompression shock of the
jets in the two injection cases are different. The bow shock in
front of the upstream jet (Figs. 10b and 10e) is more detached
than that of the downstream jet (Figs. 10c and 10f) because it
is injected into a lower Mach number flow. The recompression
shock of the upstream jet is also farther away from the bow
shock than that for the downstream jet. The separation shocks
of the flows are not clearly visible with the present optics. Yet
it is expected that the relatively full velocity profile (and Mach
number profile) of the downstream flow (Fig. 7) will produce
significantly different wave configurations upstream of the
two jets. Although the positions of jet-associated shocks are
discernible in Figs. 10, to facilitate easy reading, it seemed
useful to mark the shock shapes explicitly. This is done in Fig.
11. The recompression shock of the upstream jet is not in-
cluded because of its lack of definition in the schlieren photo-
graphs.

Because the mean flow is accelerated through the expansion
corner, there are regions where the acetone droplets will not
follow the mean streamlines. The acetone of the upstream jet
does not appear to follow the flow near the wall as it negoti-
ates the Prandtl-Meyer fan as shown in Figs. 10b and 10e.
Close to the wall, the acceleration is most rapid and the Stokes
number defined by St =1¢,/¢, is much greater than unity.
However, it appears from Figs. 10b and 10e that the bulk of
the jet flows roughly parallel to the wall and the edge of the
boundary layer.

From Figs. 10b and 10e it can be seen that downstream of
the expansion the upstream jet has a significant variation of
acetone concentration and is convoluted by the remnant tur-
bulence. The vertical spread of the jet is apparently not signif-
icant downstream of the expansion corner. These observations
suggest that the upstream jet and associated separated flow
have succeeded in preserving enough turbulence intensity
through the expansion to allow significant large-scale mixing.
It is possible that streamwise vortices produced by the up-
stream jet are amplified by the acceleration. Figures 10c and
10f indicate that the jet injected downstream of the expansion
remains relatively smooth and of high concentration until
nearly 80 jet diameters downstream. Here its edges become
more convoluted and the jet grows significantly in the vertical
direction. This growth is accompanied by significant dilution
near the wall, and it appears that the jet is ¢lifting.”’ Such a
trend is most likely the result of the jet augmenting the natural
retransition of the laminarized boundary layer to a fully tur-
bulent state.’ , »

Visualizations of regions where jet contact at the wall oc-
curred are shown in Figs. 12a and 12b for the downstream and
upstream cases, respectively. The wall was coated with a wa-
ter-based paint, and the paint was wiped away wherever fresh
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Fig. 10 Visualizations of the basic flow with the jet injection: a-c) time-averaged schlieren and d-f) spark schlieren. Each photograph is a

composite of several photographs.

acetone contacted the wall. In the numerous operations of the
wind tunnel with acetone injection, there was little variability
in the wall patterns observed here. The extent of paint re-
moved at the wall by the downstream jet compared with the
upstream jet is greater in the lateral direction. Fingerlike pat-
terns are found both just downstream of the downstream jet
and just after the expansion corner for the upstream jet. It is
believed that these regions mark separation zones where, as in
oil flow visualizations, there is fluid accumulation in regions
of separation. Such arecas may also mark regions separating
adjacent counter-rotating vortices produced in the separated
flow. The extent of acetone contact at the wall upstream of the
jets gives an indication of the length of the separation zone or
upstream transport of jet fluid in each case. It was observed
that the separation zone of the upstream jet extended 2.6
diameters upstream of the jet orifice, whereas this length for
the downstream case was about 4.7 diameters. Studies by
Zubkov and Glagolev?® have shown that the length of the
separation zone for gaseous jets injected into supersonic tur-
bulent flows increases with boundary-layer thickness but de-
creases with Mach number. In this case, the downstream
boundary layer is 50% thicker than the upstream turbulent
boundary layer, has a higher Mach number and a lower sonic
line, and is laminar-like instead of fully turbulent. Hence, it is
apparent that the laminar-like characteristics and larger scale
of the downstream boundary layer are sufficient to counter
the effects of lower Mach number and lower sonic line, caus-
ing the flow to separate farther upstream for the downstream
jet.

Measurements of the edges of the jet cross sections visual-
ized using laser scattering at various downstream locations are
shown in Fig. 13. Here, a three-dimensional perspective of the
development of each flow shows that there is a significant
difference in the shapes, growth, and relative sizes of the mean
cross sections of the upstream and downstream jets. The
downstream jet is significantly expanded in the spanwise direc-
tion close to the wall. The upstream jet is similar in size to the
downstream jet until it encounters the Prandtl-Meyer corner;
subsequently, it expands significantly in both the lateral and
‘vertical directions. v

The near-wall cross-sectional structure of the downstream
jet is different from that of the jet injected upstream. Figure
14 is a plot of the edges of the jet cross sections visualized by
the scattered laser light at x/d =28 from their respective
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Fig. 11 Shock structure associated with the jets in crossflow: o,
bow shock of jet injected at xjpj = — 19 mm upstream of the expansion

corner; ¢, bow shock of jet injected xipj = 50 mm downstream of the
expansion. Dashed line marks recompression shock of downstream
jet. Jet diameter d = 0.68 mm.

points of injection. Measurements of the jet edges from pixel
thresholding are included for comparison and are seen not to
be significantly different from edges determined visually. The
height and shape of the jets are similar everywhere -at this
location except at regions below y =1 mm. Below y =1 mm,
the lateral dimension of the downstream jet is twice as large as
that of the upstream jet. It should be explicitly stated that the
precise similarity coordinate for the jet spread is unlikely to be
just the nozzle diameter. The purpose of Fig. 14 is chiefly to
display qualitative differences in structure between jets in-
jected into different crossflow conditions.

The enhanced spanwise transport of near-wall fluid in the
downstream jet is believed to be largely the result of transport
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a) ' ‘ b)

Fig. 12 Regions of jet contact at the wall. The wall was coated with a water-
jet: a) injection location 50 mm downstream of the expansion corner and b) i
is from right to left.

based paint that was wiped away when in contact with the acetone
njection location 19 mm before the expansion corner. Flow direction

Fig. 13 Perspective view of the edges of the jet cross sections: a

) jet injected 19 mm upstream of the expansion corner and b) jet injected 50 mm
downstream of the expansion corner.
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Fig. 14 Cross sections of the jets at x/d = 28 from points of injection: a) point of injection at x/d = 28 upstream of the expansion corner and

b) point of injection x/d =73 downstream of the expansion corner. Dashed line indicates measurements using pixel thresholding to mark edges
of the cross section.
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Fig. 15 Cross sections of the upstream jet before and after the ex-
pansion corner: a) 19 mm before the expansion corner and b) 50 mm
after the expansion.
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Fig. 16 Streamwise growth of the jets in crossflow: +, injection
point xinj = 19 mm before the expansion corner; o, injection point
Xinj = 50 mm downstream of the corner; — - - —, expansion corner
location relative to downstream jet; - - -, expansion corner location
relative to upstream jet. Jet orifice diameter d = 0.68 mm.

by the horseshoe vortices created in the separated flow and
convected downstream adjacent to the jet. Studies by Hung
and Buning?! for supersonic flows over blunt fins have shown
that upstream horseshoe vortices are inviscid dominated and
that their size and shape are affected by the upstream shock
configuration. The observations of the boundary-layer veloc-
ity profiles in Fig. 7 indicate that the near-wall velocities (and
Mach numbers) in the downstream boundary layer are greater,
which in turn would strengthen spanwise vorticity in these
regions and alter the shape of the upstream shocks. Wall
patterns in Fig. 12 indicate that the length of the separation
zone in front of the downstream jet is greater than that in the
upstream case. Thus, it can be inferred that both the scale and
strength of the horseshoe vortices in the downstream jet are
significantly larger than those of the upstream jet.

It should also be noted that the differences in vertical pene-
tration and lateral growth of the jets may be affected by the
differences in freestream Mach numbers. Calculations by Li
and Karagozian®? have shown that the initially coherent liquid
jet in supersonic crossflow breaks up or fractures at locations
shortly behind the local sonic point along the jet column.
Correlations by Li and Karagozian?? show that the sonic point
on the liquid jet is located farther downstream with ‘“increas-
ing momentum flux ratio and decreasing Mach number.”’
According to these correlations, the jet injected into the Mach
2.5 boundary layer would fracture approximately three diame-
ters sooner than the jet injected into the Mach 3.2 boundary
layer for momentum flux ratios ranging between 5 and 8.
However, this distance is very small and by itself cannot
explain the relatively significant differences in the spreading of
the two jets observed here. ‘

The rapid acceleration of the mean flow at the Prandtl-
Meyer corner augments both the lateral and vertical spreading
of the upstream jet. As visualized by laser light scattering (Fig.
15), jet cross sections indicate that the lateral and vertical
dimensions increase by nearly 100%. The apparent vertical
spreading of the jet through the expansion is likely to be in
part a consequence of the divergence of the streamlines
through the expansion. It is also due in part to an inability of
liquid droplets to follow the flow. However, these scenarios
do not explain the relatively large lateral spreading of the jet
close to the wall. Asin the cross section of the downstream jet,
the effect may be the result of strong streamwise vortices
produced by an interaction of the jet and boundary layer and
amplified by the rapid streamwise acceleration.

The streamwise growths of the jets measured from the laser
cross sections are shown in Fig. 16. The ordinate in Fig. 16
denotes the maximum height of jet concentration at each
streamwise location, examples of which are shown in Figs.
13-15. Here, the growths of the two jets are nearly equal up to
x/d =28 from their respective injection points. Thereafter,
the upstream jet encounters the expansion fan, and its vertical
penetration is almost doubled by the divergence of the stream-
lines and by the inability of larger droplets to follow the flow.
Beyond about 70d, this jet effectively ceases to grow. The
downstream jet, on the other hand, has a weak growth be-
tween 30d and 80d and a more rapid growth thereafter. This
rapid growth is probably because of the retransition of the
partially laminarized boundary layer to a turbulent state.

Conclusions

Acetone was injected into a supersonic crossflow from a
round orifice both upstream and downstream of a Prandtl-
Meyer fan. The upstream jet was injected into a fully turbu-
lent Mach 2.5 boundary layer at a jet-to-freestream momen-
tum ratio of 0.92. The vertical and lateral dimensions of the
cross section of the upstream jet were stretched nearly 100%
as it negotiated the expansion fan. After the expansion fan,
the vertical growth of the upstream jet was not significant.
The downstream jet was injected into a highly accelerated,
laminarized Mach 3.2 boundary layer at a jet-to-freestream
momentum ratio of 0.92. The cross-sectional structure of this
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jet was similar to its upstream counterpart except at locations
near the wall below y/d ~ 1 where the lateral dimension of the
jet was about twice as large. This difference may be the result
of strong horseshoe vortices created by the relatively large
near-wall velocity (and Mach number) gradients of the acceler-
ated boundary layer interacting with the jet and upstream
shocks. Wall flow patterns indicated that the separation zone
of the downstream jet extended 4.7 diameters upstream of the
jet exit compared with approximately 2.6 diameters for the
upstream case. Schlieren pictures showed that the bow shock
of the downstream jet was less detached than that of the
upstream jet. Beyond x/d =80, the downstream jet grew
rapidly in the vertical direction. The rapid growth appears to
be most likely due to the reversion of the partially laminarized
boundary layer to a turbulent state.

Further work is required to quantify these interactions of
jets and accelerated boundary-layer flows. A complete under-
standing of the different spreads of the jets injected upstream
and downstream requires a more complete understanding of
the. interaction of the velocity fields of the jet and the
boundary layer, especially during the acceleration.
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