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Laser Interferometer Skin-Friction Measurements of Crossing-
Shock-Wave/Turbulent-Boundary-Layer Interactions

T. J. Garrison* and G. S. Settlest
Pennsylvania State University, University Park, Pennsylvania 16802

and

N. Narayanswamif and D. D. Knight§
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Wall shear stress measurements beneath crossing-shock-wave/turbulent boundary-layer interactions have
been made for three interactions of different strengths. The interactions are generated by two sharp fins at sym-
metric angles of attack mounted on a flat plate. The shear stress measurements were made for fin angles of 7 and
11 deg at Mach 3 and 15 deg at Mach 3.85. The measurements were made using a laser interferometer skin-fric-
tion meter, a device that determines the wall shear by optically measuring the time rate of thinning of an oil film
placed on the test model surface. Results of the measurements reveal high skin-friction coefficients in the vicinity
of the fin/plate junction and the presence of quasi-two-dimensional flow separation on the interaction centerline.
Additionally, two Navier-Stokes computations, one using a Baldwin-Lomax turbulence model and one using a k-¢
model, are compared with the experimental results for the Mach 3.85, 15-deg interaction case. Although the k-¢
model did a reasonable job of predicting the overall trend in portions of the skin-friction distribution, neither
computation fully captured the physics of the near-surface flow in this complex interaction.

Nomenclature

Cy = skin-friction coefficient based on incoming
freestream conditions, t,,/q..,

Cteo = flat plate skin-friction coefficient at Z=0

M, = incoming freestream Mach number

Goo = incoming freestream dynamic pressure, (1/2)p.. U, :

T, = adiabatic wall temperature

X,Y,Z = Cartesian coordinate directions

o = fin angle of attack relative to freestream flow
direction, deg

) = boundary-layer thickness

& = displacement thickness

0 = momentum thickness

T, = wall shear stress

Introduction

LTHOUGH a knowledge of the surface shear stress distribu-

tion is quite important for understanding many types of flow-
fields, accurately obtaining such data, either experimentally or
computationally, can be quite difficult. The level of difficulty in-
creases considerably for high-speed, three-dimensional flows in
which flow separation is present. This paper addresses the mea-
surement of Cy the skin-friction coefficient, in such a flowfield.
The flowfield 1s that created by the confluence of two crossing ob-
lique shock waves with a turbulent boundary layer. This type of in-
teraction is a fundamental fluid dynamics problem that also has
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practical applications, most notably in the design of high-speed
sidewall-compression inlets for airbreathing propulsion and mis-
sile fin configurations.

To date, the crossing-shock problem has undergone a limited
amount of experimental and computational study. Early on, the
available experimental data were quite limited, consisting mainly
of surface pressures and limiting surface streamline patterns.!™
This limitation in data made it difficult to understand the physics
of these interactions and also limited the computational fluid dy-
namics (CFD) code validation efforts. Recently, a semiquantitative
flowfield model based on flow visualization of a strong crossing-
shock interaction has been presented® and later revised and com-
pared with computational results.” The comparison of the experi-
mentally observed flowfield with the computational results
showed reasonable agreement away from the surface, but signifi-
cant differences were found near the model surface. These near-
wall differences were attributed to inadequacies of the turbulence
models used. The experimental flowfield model was then further
revised and extended to cover a range of interaction strengths.®
This flowfield model provided fundamental insight into the struc-
ture of the crossing-shock interaction, revealing that it is domi-
nated by a large, viscous, separated-flow region. However, be-
cause the flowfield model is semiquantitative, it conveys only
partial information on the crossing-shock interaction.

Thus, there is a need to obtain quantitative experimental data for
the augmentation of the flowfield model and to strengthen the ex-
perimental basis against which CFD turbulence models are evalu-
ated. To address this need, skin-friction measurements were re-
cently made for three crossing-shock interactions of differing
strengths. Because the accurate measurement of Cy in complex
flows is quite difficult, no such data currently exist for the cross-
ing-shock interaction.

The C; data presented in this paper were obtained using a laser
interferometer skin friction (LISF) meter. The LISF meter’s ability
to successfully measure skin friction in complex, high-speed flows
has been previously demonstrated by Kim,” Kim and Settles, %11
and Kim et al.!? As part of the present study, both the LISF instru-
ment and the data-reduction procedure originally used by Kim
have been revised to enhance their performance in high-shear
flows.

The goal of this study is to use the enhanced LISF meter to ob-
tain reliable skin-friction data within the crossing-shock interac-
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tion. Such data will serve two major purposes. The first is to help
better understand the physics of the crossing-shock interaction.
The second is to provide data that will serve as a benchmark for
turbulence modeling and CFD code validation.

Experimental Techniques

Wind-Tunnel Facility and Test Conditions

The experiments were performed in the Pennsylvania State Uni-
versity Gas Dynamics Laboratory’s Supersonic Wind Tunnel Fa-
cility, which is an intermittent blowdown tunnel with a test section
size of 15 X 17 X 61 cm. This facility has a unique variable Mach
number capability over the range of Mach 1.5-4.0 by way of an
asymmetric sliding-block nozzle. The experiments described in
this paper were carried out at Mach numbers of 3 and 3.85, with
typical tunnel operating conditions consisting of a stagnation pres-
sure of 750 kPa at Mach 3 and 1500 kPa at Mach 3.85, a stagnation
temperature of 295 K, and a unit Reynolds number of approxi-
mately 80X 10%/m at both Mach numbers.

Test Model

Figure 1 shows the model geometry used for the crossing-shock
experiments, consisting of two vertical fins, each at angle of attack
o, mounted on a horizontal flat plate. The flat plate generates
an equilibrium, nearly adiabatic, zero-pressure-gradient turbulent
boundary layer that interacts with the two crossing oblique shock
waves generated by the fins. The incoming properties of the
boundary layer are 8 = 3.5 mm, 6" = 1.12 mm, and 6 = 0.13 mm at
both test Mach numbers. The fin leading edges are located 21.3 cm
downstream of the plate leading edge, with a transverse distance
between them of 9.4 cm for the Mach 3 tests and 10.6 cm at Mach
3.85. The height of the fins is 8.25 cm, a value large enough to be
effectively “semi-infinite.” Both fins can be positioned at angles of
attack up to 15 deg. The fin angles were carefully set using a pro-
tractor with an accuracy of * 0.1 deg. For the experiments de-
scribed in this paper, three distinct combinations of Mach number
and fin angles were examined. Symmetric fin angles of 7 and 11
deg were tested at Mach 3, and fin angles of 15 deg were tested at
Mach 3.85.

As part of the LISF analysis one must accurately know the vis-
cosity of the oil film at all times. Because the test model tempera-
ture changes during the course of a wind-tunnel run, the oil viscos-
ity also changes with run time. To account for this variation, an
array of embedded thermocouples is installed in the flat plate. The
locations of the thermocouples are determined based on the de-
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Fig. 1 Model geometry: a) perspective view and b) top view.

sired LISF measurement locations. The output of these thermocou-
ples, along with the known temperature-viscosity calibration for
the silicone oil, are then used to determine the oil viscosity at any
instant in time.

Kerosene Lampblack Surface Traces

To perform LISF skin-friction measurements within a three-
dimensional flowfield, one must know a priori the direction of the
shear stress vector T,,. The direction of this vector can easily be de-
termined through the use of surface flow visualization. For the
crossing-shock experiments, the surface flow visualization pat-
terns of the interaction “footprint” were recorded by applying a
mixture of kerosene and lampblack to the surface of the flat plate.
Because of its volatility, the kerosene evaporates shortly after the
pattern has formed, leaving the dry lampblack pigment on the sur-
face. This lampblack pattern is then removed from the model sur- -
face using large squares of matte adhesive tape. A more detailed
description of this method can be found in Ref. 13.

LISF Technique

The LISF meter was originally invented by Tanner and Blows!*
for use in low-speed flows. The technique was further enhanced by
Tanner,'>1® Tanner and Kulkarni,!” Monson and Higuchi,'® Mon-
son et al.,'® Monson,?® Westphal et al.,>! and most recently by
Kim,? Kim and Settles,'®!! and Kim et al.'? The basic principle of
operation of the LISF meter is to optically measure the time rate of
thinning of an oil film placed on a test surface subject to aerody-
namic shear. The rate of thinning of the oil film is determined
using optical interference and can be related to the applied shear
stress through lubrication theory. In this way, the shear stress can
be determined without any knowledge of the overlying flow prop-
erties (i.e., only properties of the oil and not properties of the outer
flow are required to determine the shear).

Although the LISF meter was originally used for low-speed
flows, Monson et al.l® were the first to attempt LISF measure-
ments in supersonic flows. In general, the principle of operation of
the instrument itself is not limited by the speed of the outer flow.
Nonetheless, practical difficulties do arise as the magnitude of the
shear stress grows. The most challenging difficulty is the genera-
tion of waves that form on the oil surface. These surface waves
persist in high-shear environments until the oil film becomes quite
thin, thus limiting the useful output signal of the LISF meter. Con-
tinued improvements in the optics and data reduction technique,
along with studies of the surface wave phenomena by Murphy and
Westphal,?? have extended the practical working range of the in-
strument significantly. Kim,” Kim and Settles,'%!! and Kim et al.12
used the instrument extensively in high-speed flows, successfully
measuring the skin-friction distributions beneath swept shock/
boundary-layer interactions. The instrument and data-reduction al-
gorithm used by Kim have subsequently been revised and en-
hanced during this study, as part of an ongoing effort to improve
the LISF meter for complex, high-speed flows. Although the max-
imum shear stress that the current LISF instrument can measure
depends on both the oil viscosity used and the flow conditions at
the measurement location, it was found that shear stresses up to ap-
proximately 700 N/m? could be successfully measured.

Figure 2 shows a schematic of the LISF instrument used in this
study. In this arrangement, the beam from a 5-mW helium-neon
laser first passes through an iris diaphragm followed by a 10X mi-
croscope objective and a focusing lens. The beam is then turned
downward by an optical flat, passing through a second focusing
lens and finally through a clear acrylic window in the wind-tunnel
ceiling. The microscope objective, in combination with the two fo-
cusing lenses that follow, is used to produce a precisely focused
beam on the oil film surface. By adjusting the separation between
the microscope objective and the first focusing lens, a sharply fo-
cused laser spot less than 0.25 mm in diameter can be generated on
the oil film. The optical flat is adjusted to direct the beam nearly
normal to the plate surface, resulting in an incidence angle of 1-2
deg. The optical flat also serves to significantly reduce the power
of the laser beam, since most of the incident beam passes through
the flat and strikes a beam stop.
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Fig.2 Schematic of LISF instrument setup.

Referring to Fig. 3, which is an enlargement of the oil film in
Fig. 2, a portion of the incident laser beam is reflected from the top
surface of the oil whereas the remainder of the beam passes
through the oil and reflects from the polished model surface. The
two reflected beams then pass out through the acrylic window and
back through focusing lens no. 2. This lens collects the two re-
flected beams (which are slightly diffused by the oil and plate sur-
faces) and refocuses them on a photodetector. Because these two
beams have traveled different optical path lengths, they generate
an interference pattern that is recorded by the photodetector. Dur-
ing the course of a wind-tunnel run, the applied aerodynamic shear
thins the oil and generates a corresponding time-variant interfer-
ence pattern. This pattern is sensed by the photodetector and digi-
tally recorded using a data acquisition system. Figure 4 shows a
sample of such an interference pattern generated during the present
crossing-shock skin-friction measurements.

Data Reduction Method

As mentioned, the LISF data-reduction method has currently
been revised and enhanced for better results in high-shear flows. In
low-speed flows, many interference fringes can be obtained, al-
lowing a simple data-reduction approach. Detailed discussions of
the data reduction process in such cases can be found in Refs. 14,
15, and 18. For high-speed flows, however, the surface waves sig-
nificantly reduce the portion of the interference signal that is us-
able. Furthermore, time-variant model temperatures result in oil
viscosity variations that must be accounted for in the data-reduc-
tion method. Past data reduction algorithms for high-shear
flows!%121920 were based on modifications to the established low-
speed algorithms to account for this variable oil viscosity. In these
methods, only the peaks of the experimentally recorded interfer-
ence fringes were used to determine the shear stress. However, as
the shear stress increases, the number of available peaks in the
LISF signal decreases. This results in a shear stress determination
based on a limited amount of data. :

To enhance the method for use in high-speed flows, a new data-
reduction technique was developed that uses the entire LISF signal
to determine the shear stress. In this method, an analytical expres-
sion for the time-variant phase difference between the two beams
was derived. This equation for the phase difference contains a sin-
gle unknown constant T,,. The value of 1,, is determined by taking
the cross-correlation between the actual LISF signal and the ana-
lytical phase equation, with the actual value of the shear stress
being the value that yields the maximum correlation.

Because a detailed description of the revised data-reduction pro-
cess is quite lengthy, it cannot be included as part of this paper.

The main purpose of this paper is to present the results of the
method as applied to the study of crossing-shock/boundary-layer
interactions. A paper describing the enhancements to the instru-
ment and data reduction is planned in the near future.??

Calibration and Error Analysis

A detailed calibration of the LISF instrument was performed for
a flat plate compressible turbulent boundary layer. The results
were then compared with several methods commonly used to esti-
mate flat plate Cy (i.e., the Van Driest IT skin-friction theory,?*
an eddy-viscosity boundary-layer code,? and the extraction of G
from measured velocity profiles using the Van Driest transforma-
tion coupled with the wall-wake similarity law?%). These compari-
sons were made over a Mach number range from 2.4 to 4.0.
Referring to Fig. 5, over this Mach number range, the maximum
deviation between the LISF results and the “standard” calibration
values was less than 10%, demonstrating that the LISF instrument
can accurately predict the C; distribution for a flat plate boundary
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Fig. 3 Magnified view of oil film shown in Fig. 2.

T T I T T T T
0.6 -
0.4 +
w
2 o02f
5
a
=] 0.0
IS
5
S 02t
D
a
0.4k
’ Run 8186
M_=3
-0.6 - =7
1 { | 1 - | | Il
5 10 15 20 25 30 35 40

Time (sec)

Fig. 4 Sample LISF interference signal.
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layer. Although the data point at Mach 4 appears to be somewhat
low, if error bars are included on the “standards” (which them-
selves are only accurate to the order of +10% at best), then the
LISF result falls within this error band. In fact, as discussed in a
following section, the Mach 4 flat plate Cy values predicted by the
two computations described in this paper bracket the LISF value.

Based on improvements to both the LISF meter and the data-re-
duction process, the difference between the LISF results and the
“standard” values has been reduced below that of previous appli-
cations of the instrument in high-speed flows.*!! Within the com-
plex crossing-shock flowfield, however, no calibration standard
exists with which to judge the absolute accuracy of the LISF skin-
friction measurements. Thus, the error bars for the data presented
in the following sections are actually repeatability bars given as
95% confidence intervals based on repeated measurements for a
given location on the model surface. In general, for each measure-
ment position, multiple wind-tunnel runs were performed until the
95% confidence band was within =10% of the mean shear value.
This typically required between 4 to 8 test runs per measurement
location.

Results and Discussion
Mach 3, 7-Degree Interaction

Figure 6 shows the measured Cf distribution for the Mach 3, ot =
7-deg interaction, along with the corresponding kerosene-lamp-
black surface flow pattern. The C; measurements were taken along
the centerline of the interaction and along a spanwise cut from the
centerline out to the fin location. The location of this spanwise cut
is indicated by “SC” in the surface flow pattern, as is the stream-
wise location of the inviscid shock-crossing point, “IC.” As shown
in Fig. 1b, the origin of the coordinate system is located on the
centerline of the interaction at the fin leading edges.

Along the centerline of the Mach 3, o = 7-deg interaction, the
skin-friction coefficient begins at the flat plate level and then de-
creases steadily through the interaction, finally leveling off at the
exit of the interaction at a value of approximately half the incom-
ing level. It is interesting to compare the measured centerline Cy
distribution to the surface flow pattern. Upstream, in the
freestream flow, the surface flow streamlines are parallel and the
corresponding Cy distribution is flat and equal to the flat plate
value Cy... Inside the interaction, the surface flow streamlines con-
verge toward the centerline and the C; correspondingly decreases
steadily. In this portion of the interaction, the incoming boundary
layer undergoes an adverse pressure gradient due to the compres-
sion caused by the crossing shocks. This pressure gradient retards
the flow and thus lowers the wall shear.
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Fig. 5 Comparison of LISF flat plate C; results.
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Fig. 6 Skin-friction coefficients for the Mach 3, 7-deg interaction: a)
surface flow pattern, b) skin-friction distribution along the interaction
centerline, and c) skin-friction distribution along a spanwise cut at Z/
0., = 40.6.

Further downstream, beyond the inviscid shock crossing loca-
tion, the surface flow streamlines turn once again parallel to the in-
teraction centerline and remain so throughout the balance of the in-
teraction. Over this region the C; distribution also becomes flat
once again. Thus, the measured C distribution corresponds quite
well with the apparent physics of the surface flow pattern. As will
be seen in the other two interaction cases as well, such surface
flow patterns can be used to provide considerable physical insight
into the behavior of the skin-friction distribution. This is not sur-
prising, since the limiting surface streamlines are, in fact, a direct
result of the wall shear stress vector field.
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In the spanwise cut, Fig. 6¢, Cybegins at the centerline value and
increases significantly as the fin is approached. The peak Cyoccurs
very near the fin/plate junction and is associatedwith a line of flow
attachment in the surface flow pattern. (Reference 8 gives a thor-
ough discussion of the various topological features present within
the crossing-shock surface flow pattern.) The peak Cy value in this
spanwise cut is more than double the incoming flat plate value.

Mach 3, 11-Degree Interaction

Figure 7 shows results of the Cymeasurements for the Mach 3, a
= 11 deg interaction. Data are presented along the interaction cen-
terline and along two spanwise cuts whose locations are marked in
the corresponding surface flow pattern. The centerline C distribu-
tion begins at the flat plate value and drops off rapidly in the initial
portion of the interaction, tending toward zero near Z/8,, = 27.5. At
this location a two-dimensional-type centerline separation appears
to occur in which the wall shear goes to zero. Because the center-
plane of the symmetric crossing-shock interaction is a plane of
symmetry, the flow in this plane behaves in a quasi-two-dimen-
sional manner. Examination of the surface flow pattern clearly
shows the presence of a separation bubble centered on the plane of
symmetry at the location where the measured Cy is near zero. No-
tice that this pattern differs distinctly from the pattern of the
weaker interaction shown earlier in Fig. 6 for which no flow sepa-
ration occurs on the interaction centerline.

Downstream of the separation bubble, the wall shear stress rises
rapidly from near zero at the separated region to some 25% greater
than the incoming flat plate value and then levels off near the rear
of the interaction. The rapid rise in Cy downstream of the separa-
tion bubble is analogous to the reacceleration of a two-dimensional
flow that occurs beyond the attachment point downstream of a
two-dimensional separation bubble. It should be pointed out that,
along the centerline of the crossing-shock interaction, especially in
the vicinity of the separation bubble, the flow pattern has been ob-
served to exhibit unsteadiness.’ Thus, one may question how this
flowfield unsteadiness impacts the LISF measurements. Murphy
and Westphal?? have addressed this issue in detail and have shown
that the LISF technique can accurately measure C under such cir-
cumstances.

In the spanwise direction, Fig. 7c, the shear stress distributions
are very similar to those of the o = 7-deg interaction. The C;mea-
surements start at the centerline value and then reach a peak near
the fin, with the peak value being significantly higher than the in-
coming flat plate value. By comparing the two spanwise cuts, it is
observed that the peak value increases as one moves further down-
stream. For the spanwise cut at Z/8,, = 30.0, the peak Cf is 2.6
times the incoming value, whereas for the cut at Z/8,, = 37.5, the
peak is 3.1 times the incoming value.

Mach 3.85, 15-Degree Interaction

The C distributions for the strongest interaction studied, the
Mach 3.85, o. = 15 deg case, are shown in Fig. 8. In addition to the
experimentally recorded Cy values along the interaction centerline
and a spanwise cut, two computational solutions are presented for
comparison. These computations use two different turbulence
models. One computation, carried out by Narayanswami and
Knight, uses the Baldwin-Lomax algebraic eddy viscosity model.
The other, using a k-&¢ two-equation model, was carried out by
Horstman. Both computations solve the full three-dimensional
mean compressible Reynolds-averaged Navier-Stokes equations.
Because of the symmetry of the crossing-shock interaction, only
half of the experimental domain was computed. The incoming
boundary-layer profile for both computations was set to match the
experimental profile. Also, the wall temperature was set to 1.06
T,,, to match the experimental value. For the Baldwin-Lomax com-
putation, a grid size of 44 X 66 X 66 was used in the X, Y, and Z
directions, respectively, whereas for the k-& computation a grid
size of 40 X 64 X 79 was used. The grid spacing of both computa-
tions varied spatially, with grid points being concentrated near the
plate and fin surface. The grid spacings were determined based on
a previous grid-refinement study for a Mach 8.3 crossing-shock in-
teraction.”’ A detailed description of the computation using the

Baldwin-Lomax model can be found in Ref. 7. Details of the k-€
computation for this interaction have yet to be published, but a de-
scription of the same model applied to a Mach 8.3, 15-deg cross-
ing-shock interaction can be found in Ref. 28. The interested
reader should consult these references if additional information on
the computations is desired.

Consider first the experimental C; distribution along the interac-
tion centerline, shown in Fig. 8b. The C; distribution again begins
at the incoming flat plate value and drops sharply through the ini-
tial portion of the interaction. As in the Mach 3, 11-deg case, the
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Fig. 7 Skin-friction coefficients for the Mach 3, 11-deg interaction: a)
surface flow pattern, b) skin-friction distribution along the interaction
centerline, and c) skin-friction distribution along spanwise cuts at Z/5,,
=29.8 and 37.0.
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Fig. 8 Measured and computed skin-friction coefficients for the
Mach 3.85, 15-deg interaction: a) surface flow pattern, b) skin-friction
distribution along the interaction centerline, and c) skin-friction distri-
bution along a spanwise cut at Z/5,, = 25.3.

shear stress goes to zero on the interaction centerline and the onset
of a corresponding separation bubble is observed in the surface
flow pattern. Downstream of the separation, the shear initially
rises quite drastically, then levels off, forming a plateau, and then
rises again further downstream. Note that the plateau in the Cy dis-
tribution directly corresponds to the region of the surface flow pat-
tern where the streamlines near the centerline run nearly parallel to
it. In this region there is little change in the surface pattern and thus
little change in the C; values. Once again this illustrates how the
measured Cy distribution relates directly to the observed surface
flow pattern. At the end of the interaction the centerline C; has
risen to nearly three times the incoming value.

The spanwise cut for this interaction, Fig. 8¢, was selected at the
inviscid crossing location, unlike the two preceding cases, to gain
a better understanding of the effects in the vicinity of the crossing
point. Beginning at the interaction centerline, the measured Cfirst .
decreases, reaching a local minimum at the outside edge of the
separation bubble (X/5,. = 0.85). The shear stress then increases to
a local maximum just before the secondary separation line and
then drops to another local minimum at the secondary separation
line (X/5,, = 2.6). The shear then rises dramatically as the fin is ap-
proached, reaching a peak value 5.5 times Cy., at the primary flow
attachment line.

In this spanwise cut, in the region from X/3,, = 0.0 to 2.6 where
the local minimum and maximum occur, one might question how
the Cydistribution can be inferred from the limited number of data
points taken. Indeed, an alternative interpretation might attribute
this merely to data scatter. Thus it should be noted that, by examin-
ing the oil film fringe distribution at the end of a wind-tunnel run,
one can determine the general nature of the Cy distribution. This is
illustrated in Fig. 9, which shows an interference pattern obtained
at the end of a run in a region for which the wall shear varied in the
spanwise direction. Regions in which the fringes are widely spaced
represent regions of high shear, whereas regions in which the
fringes are closely spaced represent lower shear. By observing the
oil fringe pattern, the qualitative shape of the C,distribution can be
obtained a priori. For the spanwise distribution just described, an
initial run was performed to determine the shape of the C; distribu-
tion. Then data points were purposely taken at the local minima
and maxima to define the exact shape of the distribution. In this
way, the distribution was quantified with the minimum number of
measurements.

Next, examining the computational results for the centerline Cy,
Fig. 8b, it can be seen that both solutions predict the general trend
of the data in the upstream region of the interaction; namely, they
show the Crapproaching zero in the same vicinity where the exper-
imental data points do so. Further downstream, however, the com-
putational comparison with the data deteriorates. Neither computa-
tion predicts the platean observed experimentally, and toward the
rear of the interaction, the computational results are drastically dif-
ferent from the experimental values and each other. Here, differ-
ences between the experiments and computations are as much as a
factor of 2. Moreover, it is not surprising that the computations fail
to accurately predict the centerline C; distribution, since the com-

FLOW

Fig.9 Oil fringe pattern.
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FLOW

Fig. 10 Surface streamline pattern predicted for the Mach 3.85, 15-
deg interaction by the computation employing the Baldwin-Lomax
model.

puted surface flow pattern, shown in Fig. 10, has been shown to be
significantly different than the experimental pattern in this region.”
Since the experimental results have shown a direct correlation be-
tween the surface flow pattern and the quantitative shear stress dis-
tribution, failure of the computations to predict the surface pattern
is a direct indication of inadequacies in the turbulence models
used. In general, neither turbulence model is capable of describing
the complex physics of the crossing-shock interaction along its
centerline. It is useful to note that, even though both computations
started with the same incoming experimental boundary-layer pro-
file (measured 3.5 cm upstream of the fin leading edges), they pre-
dicted different flat plate Cy values just ahead of the interaction.
The predicted flat plate C; values bracket the LISF result. This sug-
gests that the Mach 4 data point in Fig. 5 may appear to be low be-
cause of inaccuracies in the computed standard values.

Comparing the computed spanwise distributions with the exper-
imental results, Fig. 8c, shows that the k-¢ model predicts the gross
behavior of the distribution but fails to resolve some of the key
physics. Neither model is capable of predicting the complex mea-
sured variations in the shear stress close to the centerline. Further
out toward the fin, the k-€ model predicts the peak value to within
the experimental uncertainty, whereas the Baldwin-Lomax model
suffers from spurious fluctuations. These fluctuations are most
likely due to well-known problems that the Baldwin-Lomax model
has in selecting the proper mixing length.

In general, the computations predict only portions of the overall
behavior of the measured shear stress distributions. Even where
the computations do predict the general trends, they tend to “wash
out” the more intricate details of the flow physics. These results
seem to indicate that the simplified turbulence models used in this
study are of limited use in accurately predicting the surface trans-
port properties of such a complex flow. Away from the surface,
where the flowfield is mainly inviscid and rotational, the computa-
tions have previously shown reasonable success in matching the
experimental results.”?’

Conclusions

An experimental study of the skin-friction distribution beneath
crossing-shock/boundary-layer interactions of various strengths
has been carried out. In addition, a comparison of the experimental
results with two computational solutions has been made for the
strongest interaction measured experimentally. Significant conclu-
sions obtained during the course of this study are enumerated as
follows:

1) A laser interferometer technique has been successfully used
to measure the skin-friction distribution beneath complex cross-
ing-shock/boundary-layer interactions.

2) For all but the weakest interaction, the flow in the vicinity of
the interaction centerline undergoes a local quasi-two-dimensional
separation.

3) A strong peak in the C; distribution is observed near the fin/
plate junction, coinciding with the primary flow attachment line.

4) The magnitude of this peak Cyincreases in the streamwise di-
rection.

5) The surface flow patterns were found to correlate directly
with the measured C; distributions, providing valuable insight into
the behavior of the wall shear stress distribution.

6) Overall, the Navier-Stokes computation using a k-€ model did
a better job of predicting the wall shear than the one using a Bald-
win-Lomax model. However, both models failed to accurately pre-
dict important aspects of the measured Cy distributions.

7) For accurate prediction of surface transport properties in
complex flows such as the crossing-shock/boundary-layer interac-
tion, significant improvements in present-generation turbulence
models appear to be needed.
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