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Turbulent Boundary-Layer Properties Downstream of the

Shock-Wave / Boundary-Layer Interaction
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V. A. Amatuccit and A. L. Addyt
University of Illinois at Urbana-Champaign, Urbana, Illinois

An experimental investigation was conducted to study the interaction between a shock wave and a turbulent
boundary layer. Compression corner models mounted on a wind tunnel floor were used to generate the oblique
shock wave in the Mach 2.94 flowfield. Ramp angles of 8, 12, 16, 20, and 24 deg were used to produce the full
range of possible flowfields, including flow with no separation, flow with incipient separation, and flow with a
significant amount of separation. The principal measurement technique used was laser Doppler velocimetry
(LDV), which was used to make two-component coincident velocity measurements within the redeveloping
boundary layer downstream of the interaction. The results of the LDV measurements indicated that the boundary
layer was significantly altered by the interaction. The mean streamwise velocity profiles downstream of the
separated compression corners were very wake-like in nature, and the boundary-layer profiles downstream of all
the interactions showed an acceleration of the flow nearest the wall as the boundary layers began to return to
equilibrium conditions. Significant increases in turbulence intensities and Reynolds stresses were caused by the
interactions, and indications of the presence of large-scale turbulent structures were obtained in the redeveloping

boundary layers.

Nomenclature
G = skin friction coefficient
M = Mach number
P = pressure

Re; = Reynolds number based on boundary-
layer thickness

u = mean velocity component parallel to the
wind tunnel floor or ramp surface

u, = friction velocity, (r,/p,)/?

u*  =Van Driest generalized velocity

v = mean velocity component perpendicular
to the wind-tunnel floor or ramp surface

X  =longitudinal coordinate

X* =longitudinal coordinate paralle! to the
ramp surface

= vertical coordinate

Y* = displaced vertical coordinate

a = ramp angle

8 = boundary-layer thickness

8*  =boundary-layer displacement thickness,
8* = 2 - pu/pu)dY

8 = undisturbed boundary-layer thickness at
X=0

0 = boundary-layer momentum thickness,
0= [3lpu/pu. Il —u/u,)dY

v = kinematic viscosity

I1 = wake strength parameter

p = density

T = shear stress

{) = root-mean-square quantity
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Subscripts

e = boundary-layer edge

MAX = maximum

R = reattachment

S = separation

w = wall

0 = freestream condition, upstream of the
shock wave

Superscripts

() = ensemble average

() = fluctuation from the mean value

Introduction

HE interaction between a shock wave and a turbulent

boundary layer has been a topic of interest to researchers
for many years. Flowfields of this type occur frequently in
high-speed flight, and a thorough knowledge of the effects of
the shock wave on the boundary-layer properties is necessary
for accurate flowfield prediction. The investigation described
in this report was conducted in order to provide detailed mean
and turbulent flowfield properties within boundary layers
downstream of shock-wave /turbulent-boundary-layer interac-
tions of various strengths.

A review of the literature published in this area indicates
that there is a need for additional measurements within
shock-wave /boundary-layer interaction flowfields.! A great
deal of effort has been dedicated to determining mean proper-
ties within these flowfields,>"> and some investigations have
measured turbulent flowfield properties.®~!? Unfortunately,
the few investigations which have used hot-wire or laser
Doppler velocimeter (LDV) systems to study these flowfields
have been limited to single-component measurements, and
thus have presented a rather limited amount of information.
The numerical simulations of these flowfields have achieved
some degree of success, but shortcomings exist in the available
turbulence models. Advances in turbulence modeling await a
better understanding of the nature of turbulence itself. The
current investigation was conducted with a two-component
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LDV system, and thus has produced new information con-
cerning the nature of the turbulence downstream of the
shock-wave /turbulent-boundary-layer interaction.

Compression corner models, or ramps mounted on the wind
tunnel floor, were used to generate the oblique shock waves
for this study. Ramp angles of 8, 12, 16, 20, and 24 deg were
used to produce the full range of possible flowfields, including
flow with no separation, flow with incipient separation, and
flow with a significant amount of separation. In this manner,
the effects of increasing shock strength on the turbulent prop-
erties of the boundary layer were studied systematically.

Measurement techniques used in this investigation included
schlieren photography, surface static pressure measurement,
surface streak pattern measurement, and laser Doppler
velocimetry. The LDV system was used to make two-compo-
nent coincident velocity measurements within the upstream
boundary layer and within the redeveloping boundary layers
downstream of the interactions. The two-component nature of
the LDV system allowed direct measurement of the two
instantaneous velocity components. These data then enabled
calculation of the two mean velocity components, as well as
various turbulent properties, such as turbulence intensities,
Reynolds stress, turbulence structure parameters, skewness
and flatness factors, and turbulence triple products. Space
limitations prevent the presentation of all the data obtained,
but a complete presentation of these data can be found in Ref.
1. The purpose of this paper is to present an overview of the
data obtained in this investigation, with specific emphasis on
the effects of increasing shock strength on the various flowfield
parameters.

Experimental Facilities

The experiments described in this paper were conducted in
the Mechanical Engineering Laboratory of the University of
Illinois at Urbana-Champaign, The wind tunnel used in this
investigation operated in the blow-down mode and had a
10.2 X 10.2 cm test section. A solid aluminum nozzle pro-
duced a Mach number of 2.94 within the test section. Trans-
parent windows within the wind tunnel sidewalls provided the
optical access necessary for schlieren photography and laser
Doppler velocimetry. Additional details of the wind tunnel
facility can be found in Ref. 1.

The data of this investigation were obtained with a wind-
tunnel stagnation pressure of approximately 483 kPa (70 psia).
This pressure level was high enough to ensure proper super-
sonic operation of the wind tunnel, yet was low enough to
permit relatively long run times of approximately 90 s. The
stagnation temperature was near the ambient temperature in
the laboratory facility, and thus the wind tunnel operated with
nearly adiabatic conditions within the wall boundary layers.

A diagram of a typical compression corner model is shown
in Fig. 1 with the coordinate system used in the presentation
of the experimental data. A complete compression corner
model consisted of a ramp mounted on a ramp support. The
forward part of the ramp support formed the lower wind-tun-
nel wall upstream of the corner. The section of the model
downstream of the end of the ramp sloped gradually down to
the floor level of the wind tunnel to reduce the disturbances
caused by the models during the wind-tunnel startup process.

The five ramp models and the ramp support were made of
aluminum and anodized flat black to reduce laser light reflec-
tions during the LDV measurements. The model support was
sealed along the sidewalls and upstream of the corner where
the support mated with the wind-tunnel floor with linear
O-ring material. The junction between the ramp and the ramp
support which formed the compression corner was sealed with
gasket-sealing compound. Static pressure taps 0.57 mm in
diameter were located every 2.54 mm longitudinally on the
surface of the ramps and on the model support upstream of
the corner.

The models used in this study spanned the full 10.2-cm
width of the test section. It may have proven beneficial to
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Fig. 1 Compression corner coordinate system.

have used narrower ramp models with splitter plates located
along the sides to eliminate the effects of the sidewall boundary
layers on the shock-wave/boundary-layer interaction, similar
to those used in other studies.?~® However, the sidewall
splitter plates would have denied optical access to the interac-
tion region, and thus would have made LDV measurements
impossible. As a result, it was decided to use full span models
and to experimentally determine the extent of the sidewall
boundary-layer interference using surface flow pattern mea-

surements.

Measurement Techniques

The primary measurement tool used in this investigation
was a two-color laser Doppler velocimeter system. This system
was used to obtain two-component mean velocity and turbu-
lent property measurements in both the upstream and redevel-
oping downstream boundary layers within the five compres-
sion corner flowfields. In addition to the LDV measurements,
surface static pressure measurements, surface streak pattern
measurements, and high-speed schlieren photographs were
also taken. The pressure measurements were used to de-
termine the location of the beginning of the interaction, and
to ensure that the ramp models were long enough to achieve a
complete pressure rise. The surface streak patterns were used
to check for flowfield three-dimensionality, to determine the
existence of separation, and to determine the separation and
reattachment locations. The schlieren photographs were used
to map the flowfield and to look for any gross flowfield
unsteadiness.

The LDV system used in this investigation was a two-color,
two-component system utilizing optical and electronic compo-
nents manufactured by Thermal Systems Inc. (TSI). A Spec-
tra-Physics 5-W argon-ion laser operating in the multiline
mode produced the necessary laser light. The beam from the
laser was split into its principal components with a dispersion
prism, and the green beam, with a wavelength of 514.5 nm,
and the blue beam, with a wavelength of 488 nm, were used
by the system. Each of these two beams was reflected down
the optical axis with plane surface mirrors, and split into two
equal-intensity parallel beams with beam-splitting optics. One
beam of each of the two sets of parallel beams was then
passed through a Bragg cell in order to shift the frequency by
40 MHz. The four parallel beams were then passed through a
350-mm focal-length lens, which caused the four beams to
cross at a single point. This produced the measurement volume
containing the two orthogonal fringe patterns necessary for
two-component velocity measurements.

The beam spacing and 350-mm lens used in this investiga-
tion produced a measurement volume diameter of approxi-
mately 0.18 mm and a measurement volume length of ap-
proximately 6 mm. The fringe spacing was approximately
8.5 pm, and the fringe velocity due to the frequency shifting
was approximately 340 m/s. The laser and transmitting optics
were mounted on a traversing table which could be moved
manually in three directions by means of threaded rod
arrangements with an accuracy of approximately 0.1 mm. In
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this manner the measurement volume could be positioned at
any location within the wind-tunnel test section.

The collection optics were located on the opposite side of
the wind-tunnel test section, and consisted of a 250-mm
focal-length lens to collect the scattered light and a dichroic
mirror and filter arrangement to separate the two color sig-
nals. These optical components were oriented 10 deg off the
optical axis in order to simplify alignment procedures, and to
reduce the effective measurement volume length to less than 2
mm. Photomultipliers converted the scattered light signals to
analog voltage signals, and TSI frequency counters were used
to determine the frequencies of the signals, and to perform
validation checks to remove eironeous data. The output from
the counters was stored directly in the memory of a Digital
Equipment Corp. PDP 11-03 minicomputer, which converted
the output into velocities and stored the data on floppy disks.
The data were then transferred to a Hewlett-Packard 9000
series computer for thorough analysis.

The seed particles used in this investigation consisted of
silicone oil droplets which were introduced into the wind-tun-
nel stagnation chamber. A series of experiments was con-
ducted with the LDV system to determine the mean particle
size, in which two-component velocity measurements were
made immediately downstream of the oblique shock wave
generated by the 8-deg compression corner in the Mach 2.94
flowfield.- The mean velocity measurements were then com-
pared to predicted velocities of particles of various sizes in the
same flowfield conditions. The results of this series of experi-
ments indicated that the silicone oil droplets had a mean
effective diameter of between 1.5 and 2. pm. Particles of this
size have been shown to have a sufficient frequency response
to track the large-scale velocity fluctuations that exist down-
stream of shock-wave/turbulent-boundary-layer interactions.!
The effects of particle lag were seen to some extent in the
mean velocity measurements in the regions immediately
downstream of the oblique shock waves due to the large
velocity gradients in these regions. The influence that particle
lag had on the data obtained in this investigation will be
discussed during the presentation of the experimental results.

LDV measurements obtained at a particular location in-
volve inherent uncertainties due to the finite sample size. A
statistical analysis can be used to determine the level of
certainty which can be attained when using the mean of a
finite sample size to represent an overall population mean.
The statistical uncertainty involved in determining mean
velocities from individual velocity measurements is a function
of the sample size and the local turbulence intensity. The
sample size in this investigation was increased as local turbu-
lence intensity increased, with 1024 samples taken when the
local turbulence intensity was less than 15%, 2048 samples
taken when the local turbulence intensity was between 15 and
25%, 3072 samples taken when the turbulence intensity was
between 25 and 30%, and 4096 samples taken when the local
turbulence intensity exceeded 30%. From a statistical analysis
which assumes a normal velocity distribution, the uncertainty
in mean velocity was found to be less than 2% for all velocity
profiles with the exception of the two profiles nearest the
compression corner in the 24-deg flowfield, in which local
turbulence intensities reached values greater than 100% and
the statistical uncertainty in mean velocity is of the order of
3%. The statistical uncertainty in turbulence intensity can be
shown to be a function of sample size only, and for the
current investigation was everywhere less than 3.6%.

Mean and turbulent flow properties computed from LDV
data obtained with counter-type signal processors have been
shown in the literature to be affected by biasing errors, most
significantly velocity biasing'® and fringe biasing.!* Velocity
biasing results from the fact that in a turbulent flow with
uniformly distributed particles, a larger volume of fluid passes
through the measurement volume during periods when the
velocity is higher than the mean than when the velocity is
lower than the mean. Thus, a simple average of the individual
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velocity measurements is biased toward higher velocities.
Fringe biasing results from the fact that a particle must pass
through a given number of fringes within the measurement
volume for its velocity to be measured. Thus, particles travel-
ing in a direction parallel to the fringe plane are not “seen” by
the LDV, and this results in a bias in favor of particles
traveling perpendicular to the fringe plane. The measurements
of this investigation were corrected for the effects of velocity
biasing by weighting each measurement with the two-dimen-
sional bias correction factor 1/(u?+ v?)!/2. The extent to
which the effects of velocity biasing are removed with this
correction factor is uncertain, and further research into the
effects of velocity biasing and the quality of the two-dimen-
sional correction is necessary before this issue can be com-
pletely resolved. The effects of fringe biasing were significantly
reduced by the frequency shifting, which caused the fringes to
move in the upstream direction, and by orienting the fringes
at 445 deg relation to the wind-tunnel floor for the upstream
boundary-layer measurements, and at +45 deg relative to the
ramp surface for the 12-, 16-, 20-, and 24-deg compression
corner redeveloping boundary-layer measurements. It was not
necessary to rotate the fringes at +45 deg relative to the 8-deg
ramp surface due to the small flow angle and low turbulence
intensities in this flowfield. A comparison between the two-
dimensional velocity bias corrected mean velocities, and mean
velocities corrected with both the velocity bias correction and
a fringe bias correction based on the analysis of Buchhave'4
yielded differences of less than 2.4%, with only six measure-
ment differences out of nearly 800 exceeding 2%. Thus the
effects of fringe bias were not significant in comparison to the
effects of velocity bias, and the results presented here were
corrected with the velocity bias correction only.

The particle lag, statistical uncertainty, and biasing effects
described above constitute the major sources of errors in this
investigation. Other less significant sources of errors include
alignment accuracy, inaccuracies due to counter clock resolu-
tion, and inaccuracies in the frequency shifting components.
Alignment accuracy with the LDV is believed to be quite good
due to the ability to project the beams over large distances
and thus make accurate measurements of small angles. The
largest source of alignment error is in the orientation of the
two fringe planes perpendicular to each other. This alignment
is done by projecting the fringes onto a grid and aligning the
beam-splitting optics. Using this procedure, the fringes were
aligned within 1 deg of perpendicularity, and thus the error in
velocity as a result of alignment errors is of the order of 1%.
The counter-clock resolution errors result from the 1-ns reso-
lution of the clock which measures the time required for a
particle to pass through eight fringes. The amount of this error
is a function of velocity, and decreases from 1.2% at a velocity
measurement of 630 m/s to 0.6% at a velocity of 100 m/s.
Thus, this source of error is most significant in the high-veloc-
ity regions of the flowfield, in which the turbulence intensity is
low and the other sources of error such as statistical uncer-
tainty and biasing effects are at a minimum. Errors caused by
the frequency shifting components include slight changes in
beam angles caused by the necessary optics, and small in-
accuracies in the 40-MHz shifting frequency. A comparison
between measurements made with and without frequency
shifting in flowfields which were similar, but not necessarily
identical, indicates that these errors are of the order of 1.5%,
although one point indicated a difference of 2.3%.

Experimental Results

Undisturbed Boundary Layer

Detailed boundary-layer surveys were made with the LDV
system in the turbulent boundary layer which formed on the
floor of the wind tunnel in the absence of the compression
corner model. These surveys were made on the wind-tunnel
centerline at four stations within the test section. Two-compo-
nent velocity measurements were made within the boundary
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Fig. 3 Undisturbed boundary-layer turbulence intensity measure-
ments.

layer to a point 1.5 mm (Y /8, = 0.18) above the wind-tunnel
floor at which point blockage of the two lower laser beams
began to occur. The boundary-layer surveys were completed
with single-component LDV measurements down to a point
0.25 mm (Y /8§, = 0.03) above the surface. In these measure-
ments of the undisturbed boundary layer, frequency shifting
proved unnecessary due to the relatively low turbulence inten-
sities.

The boundary-layer thickness at X' =0 in the center of the
test section was determined to be 8.27 mm (u, = 0.99u_). The
displacement and momentum thicknesses were determined by
numerical integration of the velocity profiles, accounting for
compressibility effects, and had values of 8* =3.11 mm and
6 =0.57 mm. The Reynolds number within the test section
based on boundary-layer thickness, Res, was 3.1 X 10°. The
freestream velocity measured at X =0 was within 0.2% of the
velocity predicted from the measured pressure distribution.

Further details of the undisturbed boundary layer can be
obtained using the transformed wall-wake law of Maise and
McDonald.!® A curve fit of the data of the current investiga-
tion to the wall-wake law can be used to obtain estimates of
the wake strength parameter, II, and the skin friction coeffi-
cient, ;. The profile of the undisturbed boundary layer in

wall-wake coordinates is shown in Fig. 2 for both the mea-
sured LDV data and the least-squares curve fit. The quantity
u* is the Van Driest generalized velocity'® and the quantity u,
is the friction velocity, defined as (7, /p, )'/%. From this curve
fit, the wake strength parameter, II, was determined to be
equal to 0.98 and the skin friction coefficient, C;, was found to
be 0.00114. Although the wake strength parameter value of
0.98 is somewhat higher than the values reported in much of
the literature, Samimy'® and Sturek and Danberg!”'® report
comparable results. The value for the skin friction coefficient
agrees well with the data of Settles’ and Sturek and
Danberg,!"1#

Fig. 4 Undisturbed boundary-layer shear stress measurements.

The streamwise component turbulence intensity measured
with the LDV system for the undisturbed boundary layer is
shown in Fig. 3. The data measured at four stations within the
test section fall within a very narrow band and compare well
with other experimental data. The measured turbulence inten-
sities at the edge of the boundary layer and the freestream are
probably higher than the actual levels which occur within the
flowfield due to the 1 ns counter-clock resolution problem
previously discussed. The turbulence intensities of this investi-
gation are somewhat higher than the hot-wire data of Kistler'
and Rose.?® This difference can be attributed to the counter-
clock resolution in the outer regions of the boundary layer,
and possibly to difficulties in hot-wire calibration and inter-
pretation in the lower-velocity regions of the inner boundary
layer. The turbulence intensities of this investigation compare
well with the LDV data of Petrie,”* Samimy,'® and Johnson,??
as seen in Fig. 3.

The turbulent shear stress distribution determined from the
LDV measurements within the undisturbed boundary layer at
X =0 is shown in Fig. 4, along with the data of Samimy,'®
Petrie,”! and Johnson.?? The density at each measurement
location was calculated assuming adiabatic conditions within
the boundary layer. Although there is a good deal of scatter in
the data, the data of the current investigation agree reasonably
well with those of the other three investigations. There is a
tendency for the shear stress of the current investigation to
reach a peak within the boundary layer and then decrease as
the wall is approached. Similar shear stress behavior can be
seen in data reported in other boundary-layer studies using
both LDV systems?>~%° and slanted hot-wire systems.®® Yanta
and Lee? and Johnson and Rose?* have suggested that this is
the result of other turbulent shear stress terms, such as p" u’v’,
becoming significant in the lower regions of the boundary
layer. However, Dimotakis, Collins, and Lang?®® suggest that
this is the result of particle dynamics near solid walls which
influence LDV measurements. This latter theory does not
explain the decrease in shear stress near the wall that has been
measured by hot-wire probes, and further study of this phe-
nomenon is necessary.

Compression Corner Flowfields

The schlieren system was used to view the five compression
corner flowfields during the initial phase of this investigation.
The freestream flow was observed to be completely super-
sonic, and some unsteadiness. was observed in the shock
structures, particularly in the large ramp angle configurations,
similar to the unsteadiness reported by Dolling and Murphy 26
in a 24-deg compression corner flowfield. The presence of
separation near the corner was clearly visible in the schlieren
photographs of the 16-, 20-, and 24-deg flowfields.

Surface streak patterns were obtained with two techniques,
one using an extremely viscous oil, and a second using a
kerosene-zinc oxide mixture. These techniques indicated the
presence of separation in the 16-, 20-, and 24-deg compression
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flowfield.

corner flowfields, as well as the presence of an extremely small
amount of separation in the 12-deg compression corner
flowfield. This result is consistent with the results of Settles,>
who found a very small separated region in a Mach 3, 10-deg
compression corner flowfield using a similar surface flow
pattern technique. From the results of these surface streak
patterns, the dimensionless separation locations at the wind-
tunnel centerline, X;/8,, were found to be —0.12, —0.71,
—1.63, and —2.95, for the 12-, 16-, 20-, and 24-deg flowfields,
respectively. The dimensionless reattachment locations at the
wind-tunnel centerline, X% /8,, were found to be 0.09, 0.15,
0.52, and 1.11, for the 12-, 16-, 20-, and 24-deg flowfields,
respectively. The surface streak patterns indicated some three
dimensionality in the 16-, 20-, and 24-deg compression corner
flowfields due to the presence of the sidewall boundary layers.
As mentioned previously, this could have been significantly
reduced with the use of sidewall splitter plates to reduce the
effects of the wind-tunnel walls. However, the optical access
necessary for the LDV measurements made the use of splitter
plates impossible. In all configurations, the reattachment line
was found to be very straight and free of three-dimensional
effects for at least the center of 7 cm of the 10.2-cm test
section width. The LDV measurements were limited to the
regions upstream of separation and downstream of reattach-
ment, and thus it is believed that the three-dimensional effects
within the separated regions had a negligible effect on the
LDV measurements.

The surface static pressure distributions for the five com-
pression corners are presented in Fig. 5. The solid lines on the
right side of the figure are the theoretical downstream static
pressures calculated with two-dimensional oblique shock wave
theory. The pressure distributions on the surface of the ramps
indicate that, with the possible exception of the 24-deg con-
figuration, the ramps were long enough to achieve full pres-
sure recovery within the boundary layer. The 24-deg ramp was
approximately 14% shorter than the critical ramp length
according to the theory of Hunter and Reeves.?’” However, the

Fig. 8 Streamwise velocity profiles for the 24-deg compression corner
flowfield.

reattachment point was over four boundary-layer thicknesses
upstream of the end of the ramp, and the pressure near the
end of the ramp was only 3% less than the theoretical value.
Thus it appears that the 24-deg model was very close to the
length required for full pressure recovery, and any effects of
the less than optimum length were essentially negligible.

The boundary-layer velocity profiles for the 12-; 16-, and
24-deg compression corners are shown in Figs. 6, 7, and 8.
The profiles for the 12- and 24-deg corners were chosen for
presentation because they best illustrate the effects of large
separation regions on the mean velocity profiles. The profiles
for the 16-deg configuration are presented such that, with the
remaining figures that will be discussed, a complete set of data
for this configuration is included in this paper. The horizontal
axis in these figures is the velocity component parallel to the
wind-tunnel floor for the upstream boundary-layer data, and
parallel to the ramp surface for the downstream data. The
vertical axis is the distance from the wind-tunnel floor, or
ramp surface, measured perpendicular to the upstream flow
direction. The surveys were made down to a point approxi-
mately 1.5 mm above the wind-tunnel floor or ramp surface.
Below this point, blockage of the two lower laser beams began
to occur, making two-component measurements impossible.
Single-component measurements were not made within these
flowfields.

The effects of particle lag can be seen in the velocity profiles
of the 12- and 16-deg configurations, in which the velocity just
outside the boundary layer is relaxing toward the correct
downstream value. Within the boundary layer the effects of
particle lag diminish as the distance from the measurement
position to the shock wave increases. The velocity in the
regions nearest the wall downstream of the corners can be
seen increasing with X. This results from the steeper shock
wave in the lower Mach number regions of the boundary
layer, which causes a larger fractional decrease in the velocity
than the shock wave in the outer regions of the boundary
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layer. Thus downstream of the interaction, the flow nearest
the wall must accelerate as the boundary layer begins to
return to an equilibrium state. This behavior was also seen in
the 8-deg compression corner redeveloping boundary layer,
due to the similarity of the fully attached flow and flows with
only small amounts of separation.

The velocity profiles downstream of the 24-deg compression
corner exhibit wake-like properties, similar to those observed
by other investigators downstream of separated compression
corners.>*® These wakelike profiles are the result of the
redeveloping downstream boundary layer having a shear layer
velocity profile as its initial condition at reattachment. The
shear layer velocity profiles develop over the length of the
separated region starting at the separation point of the up-
stream boundary layer. The velocity profiles downstream of
reattachment experience a rapid “filling out,” as can be seen
in Fig. 8. This rapid change in the boundary-layer profiles is
most likely caused by enhanced turbulent mixing, due to the
formation of large-scale eddies. The decrease in the measured
streamwise velocity with X, which can be seen in the outer
regions of the boundary layer downstream of the 24-deg
compression corner, is caused by a combination of two effects.
The surface static pressure distributions, shown in Fig. 5,
indicate that the pressure was still rising at the longitudinal
locations where the velocity profiles shown in Fig. 8 were
measured. Thus, the flow in these regions was still turning and
decelerating in the final stages of the compression process.
Also, the effects of particle lag may be contributing to the
decrease in u with X. The rather complicated two-stage
compression process caused by the presence of the separation
and reattachment shock structures makes it not feasible to
predict the particle lag in these regions. Thus the extent to
which particle lag is contributing to this effect is uncertain.

The streamwise turbulence intensity, {(#’), nondimensional-
ized by the freestream velocity upstream of the interaction,
u., is plotted for the 16-deg compression corner flowfield in
Fig. 9. The turbulence intensity in the upstream boundary
layer is also included for comparison. These data were chosen
for presentation because they illustrate the trends of the
turbulence intensity profiles seen in the data of all five flowfield
configurations. In each of the redeveloping boundary layers,
the level of the turbulence intensity was significantly increased
by the interaction, with the amount of increase directly related
to ramp angle, and thus shock strength. The turbulence inten-
sity was found to reach a peak within the central regions of
the boundary layers, and then decrease as the wall was ap-
proached, as illustrated by the data of Fig. 9. The turbulence
intensity in each configuration could be seen spreading verti-
cally with the intensity profiles becoming flatter at the down-
stream stations. This vertical diffusion can also be seen in the
data of Ardonceau'? downstream of a Mach 2.25 compression
corner. A gradual decrease in the peak turbulence intensity
accompanied this diffusion process as the boundary layer
recovered from the effects of the interaction.

The maximum streamwise turbulence intensities for each
measurement station are presented in Fig. 10. The maximum
values plotted in this figure clearly show the increase in
maximum turbulence intensity with ramp angle, and the grad-
ual decrease of this quantity with X. Further analysis of the
data from this investigation indicated that the location of the
maximum turbulence intensity in each profile was also directly
related to ramp angle, with the maximum values of turbulence
intensity occurring further from the ramp surface for the
larger shock strength interactions. A comparison of these data
with the mean velocity profiles indicated that the maximum
values of turbulence intensity occurred in the regions of
maximum Jdu/dY*, due to the higher values of turbulence
production in these regions of the boundary layers. It was also
found that, in spite of the vertical diffusion of the turbulence
within the boundary layers, the location of the maximum
values remained essentially constant as the flow proceeded
downstream.

SHOCK-WAVE/BOUNDARY-LAYER INTERACTION 673
20. T T T T T T T
. Turbulence Intensity, <u'>/u, i
16. + 4
c Upstream
14. e Boundary " N
’é 12. = h Luyer "‘_*0-20 X l: -
[ . [ l
Ewl g g ok 1
. ek B R S i
> = 12 CU L N S £
“ro YN
g g | 4 % %
S BRI I T
L | I | ! ! ) 4
z‘ A | b I 1 / R
: ! 5. so. 25 30, 5. 0. a5 50
X (mm)

Fig. 9 Streamwise turbulence intensity profiles for the 16-deg com-
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Fig. 11 Vertical turbulence intensity profiles for the 16-deg compres-
sion corner flowfield.

Vertical turbulence intensity profiles, (v’)/u,_ , are shown
in Fig. 11 for the 16-deg compression corner flowfield. The
data obtained in this configuration are considered representa-
tive of the data obtained for all five configurations in this
investigation. It can be seen in this figure that the effect of the
shock wave was to increase the vertical turbulence intensity
through the interaction. A comparison of the (v’) profiles
from the five configurations indicates that, similar to the {u’)
data, the amount of increase in this quantity was directly
related to ramp angle, and thus shock strength. However,
unlike the (u’) data, the (v’) profiles show little or no
dependence on the distance from the ramp surface, Y*. There
is a tendency for (v’ ) to reach a local maximum near the edge
of the boundary layer, but this characteristic is found in only
a few of the profiles measured in this investigation. It can also
be seen in Fig. 11 that the vertical turbulence intensity was
significantly increased in the regions outside the boundary
layer. These data, in conjunction with other turbulence statis-
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tics obtained in this investigation, such as turbulence triple
products and skewness and flatness factors, indicated that
there was a significant alteration of the freestream turbulence
structure caused by the presence of the oblique shock wave.
While it is possible that this effect is caused by particle lag,
this is considered unlikely by the authors because the effects
of lag diminish rapidly as the distance from the shock wave to
the measuring point increases, while the large freestream
values of (v’) persist to the most downstream measurement
stations with very little sign of dissipation. Further studies are
necessary to determine the exact nature of the effects of the
oblique shock waves on the turbulence structure within the
freestream flowfield.

The effects of particle lag on the mean velocity measure-
ments can be seen in Fig. 6 in the outer regions of the
boundary layer immediately downstream of the 12-deg com-
pression corner shock wave. Some influence of this particle lag
was expected in the measured turbulence intensities. In re-
gions of significant particle lag, a false turbulence was ex-
pected due to different-sized particles decelerating at different
rates, and thus producing a broad velocity histogram. How-
ever, no indications of the effects of particle lag were observed
in any of the turbulence intensity profiles. The streamwise and
vertical turbulence intensities in the freestream regions with
significant particle lag were very similar to the values mea-
sured in the freestream regions with no significant lag. This is
indicative of a relatively uniform particle size distribution,
such that the false turbulence generated by the lag was insig-
nificant in comparison to the magnitude of the turbulence
within the boundary layers.

The Reynolds stress profiles for the 16-deg compression
corner flowfield, nondimensionalized with u2, are presented
in Fig. 12. It can be seen in this figure that the magnitude of
the Reynolds stress was significantly increased by the shock
wave. In all configurations the Reynolds stress reached a peak
within the boundary layer and then decreased as the wall was
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approached. The tendency for the Reynolds stress to reach a
maximum within the central regions of the boundary layer has
been reported by other investigators in compression corner
flowfields,’~° as well as in reattaching free shear layers.!®

The maximum Reynolds stresses for each boundary-layer
profile are shown in Fig. 13. Like the turbulence intensity, the
maximum Reynolds stress is a strong function of ramp angle,
with very large values associated with the 20- and 24-deg
compression corner flowfields. These large Reynolds stresses
imply the existence of large-scale eddies, which were also
indicated by the rapid “filling out” of the wake-like boundary
layers downstream of the 20- and 24-deg compression corner
shock waves. A steady decrease in Reynolds stress with X can
be seen in this figure, as the turbulence began to dissipate and
diffuse through the boundary layers. The dissipation of the
turbulence, however, was an extremely gradual process, and
even in the weakest interaction, the ramp was of insufficient
length to allow the turbulence to completely return to equi-
librium conditions.

The trends in the Reynolds stresses of this investigation
agree quite well with those found by researchers working with
similar flowfields.”-® The dependency of the increase in
Reynolds stress on «, the gradual decay in Reynolds stress
with X downstream of the interaction, and the vertical diffu-
sion of the Reynolds stress in the boundary layer can all be
seen in the data of Muck and Smits,®® for 16- and 20-deg
compression corners. However, the magnitudes of — 4’0’ /u2,
reported by these authors are significantly lower than the
results of the current investigation, with the maximum values
differing by factors of 2 to 4 depending on ramp angle. This
discrepancy is most likely caused to a large extent by calibra-
tion problems associated with the slanted hot-wire technique
used in these investigations. These authors state that the
hot-wire calibration is only valid in regions in which the Mach
number component normal to the wire exceeds 1.2. Taking
into account the 30-deg yaw angle of the slanted hot wires,
this yields a lower Mach number limit of 1.39. The local mean
Mach numbers at the regions of maximum Reynolds stress
in the current investigation are all below 1.39 for the 16-, 20-,
and 24-deg configurations, and are close to this value for
much of the data of the 8 and 12-deg configurations. In
addition to these low mean Mach numbers, the high turbu-
lence intensities in these regions indicate that the instanta-
neous local Mach number frequently drops far below the
calibration limits, and these periods of low Mach number
contribute significantly to the magnitude of — u’v’. Consid-
ering these factors, it is not surprising that a large discrepancy
exists between Reynolds stresses measured with slanted hot
wires and those measured with two-component LDV systems
in highly turbulent flowfields. An investigation in which both
techniques are used to make measurements in the same
flowfield would be extremely useful in resolving these dis-
crepancies.

Conclusions

The interaction between an oblique shock wave and a
turbulent boundary layer results in significant changes in both
the mean and turbulent structure of the boundary-layer
flowfield. The mean velocity profiles measured in this investi-
gation indicated that the inner regions of the boundary layer
were decelerated to a greater degree than the outer regions by
the interaction. The profiles downstream of interactions with
large amounts of separation were very wake-like in nature,
with the inner regions accelerating rapidly as the boundary
layers began to return to equilibrium states. Turbulence inten-
sities and Reynolds stress values were significantly increased
by the interaction, with the amount of increase directly related
to ramp angle, and thus shock strength. The measured profiles
of longitudinal turbulence intensity and Reynolds stress
reached peak values within the central regions of the boundary
layers, with the distance from the peak values to the ramp
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surface also directly related to shock strength. The Reynolds
stress values obtained in this investigation were significantly
higher than values which have been measured in similar
flowfields with slanted hot wires, and this discrepancy is
believed to be due to the calibration problems associated with
hot-wire systems in highly turbulent supersonic flows. The
turbulent structure within the redeveloping boundary layer
relaxed very gradually, such that the size limitations imposed
by the wind tunnel used in this investigation prohibited the
use of ramps of sufficient length to allow a complete return of
the turbulent properties to upstream equilibrium values. The
rapid “filling out” of the mean velocity profiles, and the large
values of the measured Reynolds stresses indicated the pres-
ence of large scale turbulent structures in the flow downstream
of the shock-wave /turbulent-boundary-layer interactions.
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