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Skin-Friction Measurements and Computational Comparison
of Swept Shock/Boundary-Layer Interactions
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A joint experimental and computational study of skin friction in weak-to-strong swept shock wave/turbulent
boundary-layer interactions has been carried out. A planar shock wave is generated by a sharp fin at angles of at-
tack o = 10 and 16 deg at M, = 3 and 16 and 20 deg at M, = 4. Measurements are made using the laser inter-
ferometer skin friction (LISF) meter, which optically detects the rate of thinning of an oil film applied to the test
surface. The results show a systematic rise in the peak crat the rear part of the interaction, where the separated
flow attaches. For the strongest case studied, this peak is an order of magnitude higher than the incoming free-
stream ¢, level. Navier-Stokes computations of these flows agree well with the data for moderate interaction
strengths, but systematically underpredict the data with increasing interaction strength. Algebraic eddy-viscosity
turbulence models produce the best prediction of the measured ¢, distributions but still fail for the strongest
cases studied. However, in predicting surface streamline angles, a k-¢ turbulence model with integration to the

wall produced the best results.

Nomenclature

< = skin-friction coefficient based on incoming
freestream conditions

Cy =heat transfer coefficient

M, =incoming freestream Mach number

Dy =static pressure before shock wave, MPa

D =static pressure after shock wave, MPa

Do =stagnation pressure of incoming freestream, MPa

DPu =wall static pressure on flat plate, MPa

R =radial distance measured from the fin leading edge,
mm

Re, =Reynolds number based on the local, undisturbed

boundary-layer momentum thickness

T..  =adiabatic wall temperature, K
T, = wall temperature, K
T, =freestream stagnation temperature, K

x,¥,z =orthogonal streamwise, normal, and spanwise
coordinates, mm

yt =nondimensional turbulent boundary-layer wall
coordinate

@ =angle made by fin with respect to the incoming
freestream direction, deg

B =angle with respect to freestream direction,
measured from fin leading edge, deg

&g =incoming freestream boundary-layer thickness, mm

Wy = turbulent eddy-viscosity, N-s/m?

Poo =dynamic viscosity of incoming freestream, N-s/m?

v = oil viscosity, ¢S
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Ty =wall shear stress, Pa

0o =incoming freestream boundary-layer momentum
thickness, mm .

1) =angle of surface skin-friction line with respect to
the incoming freestream direction, deg

Subscripts

expt =experimental value

is =inviscid shock

pa =primary attachment

ps = primary separation

ss =secondary separation

ui =upstream influence

o =incoming freestream conditions

Introduction

HE interaction of a swept shock wave with a turbulent

boundary layer constitutes one of the fundamental pro-
blems of modern high-speed fluid dynamics. As a result of the
recent resurgence of interest in high-speed flight, these interac-
tions have been the focus of renewed attention, both in ex-
perimental and computational fluid dynamics. A detailed sur-
vey of such interactions has been carried out by Settles and
Dolling.! Due to inherent complexity, the computational
modeling of such interactions is very difficult and not entirely
reliable at present. One of the key tests of the validity of a
computational fluid dynamics (CFD) code is its ability to cor-
rectly predict such fundamental flow characteristics as the
coefficients of heat transfer and skin friction in complex tur-
bulent flows. The computation of such interactions is pres-
ently paced by the need for detailed, ‘‘benchmark’’ experi-
ments. However, heat transfer and especially skin friction are
difficult to measure with acceptable accuracy for code valida-
tion purposes. Furthermore, there are almost no reliable skin-
friction data available in high-speed interacting flows.

A recent development, the laser interferometer skin friction
(LISF) meter, produces reliable skin-friction data over a wide
range of flow situations where traditional skin-friction
methods are not practical. The LISF meter was invented by
Tanner and Blows,? and subsequently refined by Tanner and
Kulkarni,’ Tanner,* Monson and Higuchi,® Monson,®’
Westphal et al.,® and Kim and Settles.®!0 It interferometically
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senses the time rate of thinning of ari oil film on a polished
surface subjected to aerodynamic shear. Under proper condi-
tions, skin friction can be found directly without any reference
to the properties of the overlying boundary layers.

The applicability, repeatability, and accuracy of the LISF
technique for use in compressible flows have been determined
by Kim and Settles® through an experimental calibration in the
supersonic Mach number range. In terms of accuracy, the
LISF data fell 3-6% below the mean of the four calibration
standards used, depending upon M., . The overall repeatability
of the LISF data was within + 8%, which represents 2 stan-
dard deviations about the mean.

Following this calibration experiment, Kim and Settles!?
measured skin-friction distributions at M, = 3 in fin-
generated, swept shock wave/turbulent boundary-layer in-
teractions. Fin shock-generator angles were chosen to be 10
and 16 deg, which produce weak and moderate-strength in-
teractions, respectively, at this Mach number. These experi-
ments revealed that the LISF technique is practical and useful
for skin-friction measurements in three-dimensional, interact-
ing compressible flows. Furthermore, it was shown that pres-
sure- and shear-gradient effects on the LISF data were negligi-
ble, in stark contrast to the case for most other methods of
skin-friction measurement. The skin-friction results at M, =
3, first reported in Ref. 10, are briefly restated in the present
paper for completeness.

This paper reports the latest results of a program to obtain
reliable measurements of skin friction in swept shock wave/
boundary-layer interactions. The LISF ¢, measurements of
Ref. 10 have been extended to include o = 16 and 20 deg at
M, = 3.98. These results are compared with CFD calcula-
tions using four different turbulence models. An overall view
of both ¢, variations and CFD predictive capability for weak-
to-strong swept interactions is thus presented.

Experimental Methods
Wind Tunnel Facility and Test Conditions

The experiments were performed in the Supersonic Wind
Tunnel Facility of the Penn State Gas Dynamics Laboratory,
which has been shown to produce good flow quality over a
nominal Mach number range of 1.5-4. The wind tunnel is an
intermittent blowdown type, which provides the variable
Mach number capability by way of an asymmetric sliding-
block nozzle. The test section of the wind tunnel is 152 mm
wide, 165 mm high, and 610 mm long. Wind tunnel runs for
the present study were of 20-30 s duration.

The test Mach number was fixed at 3.98 +0.071 in this
study. The stagnation conditions of the flow were p, = 1.524
MPa +2.4% and T, = 293.4K +1.6%, yielding a freestream
unit Reynolds number of 6.79 X 10’/m +4.8%. To avoid
condensation shocks in the test section, the dew point of the
flow was maintained below 244 K throughout the experiment.

Fig. 1 Diagram of test geometry.
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As shown in Fig. 1, the geometry for the present experiment
consists of a sharp unswept fin mounted on a flat plate, 495
mm long, which spanned the test section. The plate is fitted
with both surface-pressure taps and surface thermocouples.
Ninety-six surface-pressure taps are arranged in five concen-
tric circular arcs about the fin leading-edge position. This ar-
rangement was chosen to take advantage of the well-known
quasiconical symmetry' of this class of swept interactions. An
unswept-leading-edge fin shock generator mounted on the flat
plate is positioned with its 10-deg sharp leading edge 216 mm
from the plate leading edge and 26.2 mm from the tunnel side-
wall. The fin is 76 mm high, 127 mm long, and 6.35 mm thick.
The fin height of about 256, produces a semi-infinite, dimen-
sionless swept interaction! over the entire span of the test sec-
tion. A pneumatic fin-injection mechanism is used to vary the
fin angle of attack with 0.1-deg accuracy.

Pitot-pressure surveys'! along the flat-plate centerline and
38 mm to each side showed that the test boundary layer is two-
dimensional, turbulent, and in equilibrium in the sense that it
satisfies the combined law-of-the-wall/law-of-the-wake with
constant wake strength parameter within the acceptable equi-
librium range. The incoming boundary layer at x = 216 mm
has §, = 3.0 mm, 6, = 0.16 mm, and Re, = 11,160. For the
present study, ¢, in the incoming boundary layer is predicted
to be 1.2 x 10-3 according to the Van Driest I1 theory. Fur-
thermore, T,,/T,, = 1.06 x=2.5%, so that the test boundary
layer is almost adiabatic.

LISF Instrument and Data Acquisition

A schematic diagram of the LISF meter setup for the pres-
ent experiment is shown in Fig. 2: the beam from a 5-mW lin-
early-polarized He-Ne laser (1) passes through a 50% neu-
tral-density filter (2) and an iris diaphragm (3). The beam is
then directed downward by a folding mirror (4), and focused
by a focusing lens (5), passing through the Plexiglas ceiling
window (6) of the wind tunnel to form a spot of about 400-um
diam on the flat plate. The beam angle of incidence with re-
spect to the plate is kept to about 1 deg. During wind-tunnel
runs, a thin film of » = 500 ¢S Dow-Corning ‘200’ silicone
oil (7) applied to a local region of the flat plate is sheared by
the 7,, distribution of the shock/boundary-layer interaction
due to the fin (8). The incident laser beam is then reflected by
both the surface of the oil film and the polished metal surface
beneath it. This produces interference between the two
reflected laser beams, which are directed out of the wind tun-
nel through the Plexiglas ceiling window. The reflected beams
pass through the lens (5), which now serves as a collecting lens.
Then they are intercepted by two first-surface aiming mirrors,
(9) and (10), and are directed through a ground glass (11) into a
housing (12), which contains a 6328 A filter and a photodiode.

The photodiode senses a time-dependent light intensity due
to the constructive and destructive interference between the
two reflected beams from the oil film and the polished test sur-
face. The photodiode output [(13) in Fig. 2] is then raised to a
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Fig. 2 Diagram of LISF instrument.
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Fig. 3 Surface flow pattern, M, = 4, o = 16 deg.
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Fig. 4 Surface flow pattern, M, = 4, a = 20 deg.

level of around 8 V by an operational amplifier, low-pass fil-
tered with a 10-Hz cutoff to remove high-frequency noise, and
digitally recorded. For the current experiment, seven other
channels of data are also recorded: p,, Ty, two p,, signals, and
three 7, signals. These eight data channels are simultaneously
sampled by a multiplexer, digitized by a microcomputer-con-
trolled A/D converter, and stored in the computer memory.
For present purposes, two different data acquisition rates were
used. A 20-Hz data acquisition rate was initially chosen for
low-shear regions of the flow, yielding at least 20 points per in-
terference fringe. However, the requirement for better ac-
curacy in high-shear regions led to an increase of the data rate
to 50 Hz. During experiments, the photodiode output was also
monitored in real time on a stripchart recorder.

The entire LISF instrument is pedestal-mounted on an op-
tical breadboard independent of the wind tunnel itself. Tra-
versing units supporting this breadboard allow the x-y-z ad-
justment of the LISF instrument to locate the laser-beam spot
accurately on the test surface without adjusting individual op-
tical components.

LISF Measurement Technique

Since this embodiment of the LISF meter makes only dis-
crete pointwise measurements, surveying the entire ‘‘foot-
print” of an unknown three-dimensional flow could be a
daunting chore. However, for dimensionless fin-generated
shock/boundary-layer interactions, a considerable body of
past research! has revealed an inherent quasiconical symmetry
of the flow, which considerably simplifies this task. In such a
case, only one ‘‘cut” through the interaction need be mea-
sured, since any other measurement outside the initial “‘incep-
tion zone’’ is observed to be similar when rendered in spherical
coordinates about the virtual origin of the flow. We have
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therefore chosen a single measurement arc on the flat plate,
centered about the fin leading edge with R = 88.9 mm, along
which to take LISF data. This was chosen midway between the
pressure-tap arcs mentioned earlier in order to avoid their in-
terference with the LISF measurement. Eleven individual data
points were taken along this arc for each of the o« = 16 and 20
deg test cases.

For LISF measurements in three-dimensional flows it is nec-
essary to know the directions of the local surface streamlines,
since an accurate reading of the distance along such a stream-
line from the oil-film leading edge to the laser-beam spot is re-
quired. These local surface streamline directions are deter-
mined using a kerosene-lampblack surface flow visualization
technique.!? This method produces undistorted full-scale pat-
terns of the mean surface streamlines by way of a dry-transfer
process using matte acetate tape. Angular measurements of
local mean-shear directions are thus possible with +2-deg ac-
curacy. Such patterns were obtained for the « = 16 and 20 deg
fin test cases at M, = 4, and are shown in Figs. 3 and 4, respec-
tively. Also indicated in these figures is the measurement arc
along which the LISF data were taken. Similar patterns at o =
10 and 16 deg for M, = 3 were previously shown in Ref. 10.

During LISF tests, a full-scale transparent overlay of the
surface streamline pattern is used to identify the surface-flow
direction corresponding to a given position of the laser-beam
measuring spot. After applying an oil drop to the test surface,
it is squeezed by a small glass flat to produce a thin oil film.
An optical cathetometer with a dial-gauge (least count: 0.025
mm) aligned normal to the surface-flow direction is next used
to measure the distance from the oil-film leading edge to the
center of the focused laser-beam spot. This distance should be
measured with an error less than =+ 1%, since it directly affects
the accuracy of ¢;. We now use a Questar DRI Telemicro-
scope in place of the cathetometer for a more accurate oil-film
leading-edge distance measurement.

Data Reduction and Error Analysis

A detailed account of LISF data reduction procedures is
given by Monson.® Furthermore, Kim and Settles®!® and
Kim!? thoroughly discussed the special features of LISF data
reduction for compressible and high-shear flows. Thus, these
procedures are not repeated in this paper.

The uncertainties in the flow quantities and other parame-
ters connected with the LISF measurements have been cited in
the previous sections. In all cases, these uncertainties are given
as the mean value + 2 standard deviations. However, the er-
ror bars in the plots of Figs. 5-8 show the repeatability of the
data as only + 1 standard deviation about the mean in the in-
terest of clarity. No error bar at some LISF measurement loca-
tion means that it is smaller than the symbol size.

Each measurement point within the two swept interactions
studied here was repeated seven times in separate wind-tunnel
runs. Chauvenet’s criterion!* was then applied once to each
seven-point ensemble to discard, if necessary, a single bad
point from the ensemble. In general, the resulting repeatability
band varied from as little as +2% upstream of the interaction
to as much as +20% at the location of the highest 7. It has
been noted®!'? that extremely high values of 7,, limit the
number of usable fringes one may obtain, thus adversely af-
fecting LISF data repeatability. In the current experiments,
shear levels up to 1000 Pa were successfully measured by the
LISF meter (using » = 1000 cS oil). This is almost twice the
maximum 7,, value reached in our previous work.!°

Computational Methods

The governing equations used to describe the flowfield are
the compressible three-dimensional Navier-Stokes equations
using mass-averaged variables in strong conservation form.
These equations are listed in Ref. 15. Their restrictions in-
clude the calorically-perfect-gas assumption, the Sutherland
viscosity law, and zero bulk viscosity. Four eddy-viscosity
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models are employed for turbulence closure: the algebraic
models of Baldwin-Lomax!¢ and Cebeci-Smith,!” which are
integrated to the wall, and a two-equation eddy-viscosity (k-¢)
model with either wall-function boundary conditions!® or inte-
gration to the wall using the Jones-Launder low-Reynolds-
number terms.!® Further details of the boundary conditions
and algorithm used here are given by Knight et al.?* and
Horstman.?! L

The computational domain extends from a prescribed up-
stream boundary where an equilibrium turbulent boundary
layer is generated (matching the experimental data) to a point
well downstream of the interaction. Within this domain the
grid was generated so as to take advantage of the experimen-
tally-observed quasiconical flowfield. In the x-z (horizontal)
plane the grid was developed using a family of rays originating
from a virtual origin slightly upstream of the fin leading edge.
Ahead of the interaction these rays were replaced by lines of
constant z (spanwise direction). In the x (streamwise) direc-
tion, constant spacing was used. In the y (vertical) direction a
variable spacing was used, concentrating most of the points
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within the boundary layer. When integrating to the wall, the
maximum value of y* for the first grid point was 0.1 in the in-
teraction region. The resulting grid spacing in the x and z
directions was approximately equal to 0.5,. The total compu-
tational domain encompassed 64 x 40 X 64 grid points in the
X, y, and z directions, respectively.

Results and Discussion

Figures 9 and 10 show wall-pressure distributions at M, =
4, o = 16 and o = 20 deg respectively. The pressure data are
plotted vs the angle 8 measured from the fin leading edge (see
Fig. 1), since the interaction is quasiconical. The data are com-
pared with two computations using k-¢/integration to the wall
and Cebeci-Smith turbulence models. The computed results
predict the correct spanwise extents and peak values in both
cases, but do not show the experimentally observed local
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pressure minimum near 8 = 27 and 30 deg, respectively. This
local pressure minimum occurs because of the high reversed
velocity of the vortex, which dominates the flowfield.

Figure 5 shows the LISF skin-friction distribution measured
inthe M, = 3, o = 10 deg interaction. The ¢, data are plotted
vs the angle 8. The data are compared with two computations
using k-e/wall-functions and Baldwin-Lomax turbulence
models. Briefly, both computations reasonably predict the
peak measured ¢ level around 8 = 15 deg, as well as its decay
with increasing 3. However, the computation using the
Baldwin-Lomax model fails to predict the observed initial in-
crease in ¢, near the beginning of the interaction, while the
k-e¢/wall-functions computation somewhat overpredicts this
initial increase.

The measured ¢, distribution for M, = 3, « = 16 deg is
shown in Fig. 6. The data are compared with computations us-
ing four turbulence models described earlier. Briefly, the
k-e/wall-functions computation produces the worst prediction
of the measured peak c, at § = 23 deg. Overall, the Cebeci-
Smith model is in best agreement with the data, though the
distinction is not strong at this test condition.

The measured ¢, distribution for M,, = 4, a = 16 deg is
shown in Fig. 7. The flat-plate ¢, level ahead of the interaction
is 0.00097, which agrees well with the value of 0.00099 ob-
tained by Preston-tube. The overall ¢; measurement accuracy
at B > B is =3.2%. Figure 7 shows a slight peak in the
measured ¢, level between the upstream influence line (8 = 44
deg) and the primary-separation line (3 = 41 deg). As in the
weaker interactions!® of Figs. 5 and 6, this is believed to be
due to the shearing-away of the lower portion of the incoming
boundary layer by the swept pressure gradient of the flow.
Low-momentum fluid is thus removed from the boundary
layer, such that the velocity-gradient normal to the surface
(and thus cy) is increased.

Just ahead of the secondary-separation line (8 = 32.6 deg)
in Fig. 7, another local ¢, peak is observed. This peak is clearly
connected with the secondary-separation line (see Fig. 3), and
is perhaps the first quantitative measurement yet obtained to
indicate that there is actually something there. This peak is
also observed by Preston-tube pressure measurement.?? Un-
fortunately, not enough is known about the physics of this
phenomenon to offer further insight at this time. Such a ¢,
peak is not observed in the weaker interactions of Figs. 5 and
6, even though a secondary-separation line is evident in the
surface-flow patterns for both cases. This could be because the
local resolution of the LISF measurement locations may not
have been sufficient in the M, = 3 interactions to reveal this
feature.

Aft of the secondary-separation line in Fig. 7 there is a
sharp increase in the measured c,, reaching a maximum of
almost six times the incoming ¢, level near the primary flow-
attachment line (8 = 19.2 deg). This steep rise to a ¢, peak can
be explained in terms of the A-shock structure?? of the interac-
tion, which causes the impingement of a high-speed jet upon
the flat plate in the vicinity of the primary attachment line.
This phenomenon is known to produce high 7, p,,, and heat
transfer levels.?* Recent visualizations of the structure of such
swept interactions by conical shadowgraphy?*:?6 show this jet
impingement quite clearly, and also reveal a disturbance in the
flowfield structure corresponding to the location of the
secondary-separation line discussed earlier.

Figure 11 is a photo of an oil-film interference fringe pat-
tern obtained in the M,, = 4, « = 16 deg interaction. Such
visible patterns provide quick qualitative indications of ¢, dis-
tributions. To obtain such a pattern, several drops of oil are
applied along the measurement arc and are squeezed by a glass
flat as described earlier. In so doing, a thin oil film is created
along the circular arc with a near-uniform initial thickness.
During a wind-tunnel run, the interference fringe pattern
forms naturally because of the shear distribution imposed by
the flow. Thus, fringe spacing is generated depending on the
shear level. It may be seen and photographed in white light.
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Fig. 11 Oil-film interference-fringe pattern, M, = 4, « = 16 deg.

The flow direction in Fig. 11 is from right to left. A strong
fringe peak is clearly seen near the fin on the flat-plate surface.
Two.other small local peaks are also seen in the fringe pattern.
These occur just ahead of the locations of the primary and
secondary separation lines observed in the surface streamline
pattern.

Comparing Figs. 7 and 11, the oil-film interference fringe
pattern obtained at M, = 4 and o = 16 deg shows quali-
tatively the same trend as the measured ¢, distribution. Thus,
we may regard a fringe pattern such as Fig. 11 as being quali-
tatively indicative of the actual ¢, distribution. Unfortunately,
any quantitative analysis of such a pattern to yield ¢, values
directly is rendered impossible by the lack of knowledge of the
complex shear-stress history of the surface streamlines arriv-
ing at fringe locations in the pattern. Nonetheless, visual in-
spection of such oil-film interference fringe patterns yields a
valuable first glance at the ¢, distribution, whence the detailed
pointwise measurements of ¢, using the LISF meter may be
planned.

Figure 7 also shows the results of computed Navier-Stokes
solutions using the four different turbulence models described
earlier. These four computations are in reasonable agreement
with the LISF data only up to the secondary-separation line.
The computations using the Jones-Launder k-¢ model and two
different wall-treatment schemes (wall functions or integra-
tion to the wall) show similar results: they severely underpre-
dict the measured peak ¢, value by 40%. Initially, integration
to the wall was thought to be a more adequate (and certainly
more expensive) approach than wall functions for such a com-
plex interacting flow, but no such distinction is supported by
the ¢ results of Fig. 7.

Computations using the algebraic Cebeci-Smith and Bald-
win-Lomax turbulence models also show similar ¢, trends in
Fig. 7. However, they underpredict the measured peak c;
value by only 12%. It comes as an additional surprise that the
simpler algebraic turbulence models actually outperform the
more complex k-e approach in this strongly-interacting sepa-
rated flow. Finally, the Cebeci-Smith model is the only one
that predicts the local ¢, peak associated with the secondary-
separation line.

The ¢, distribution for the M,, = 4, « = 20-deg case is
shown in Fig. 8. The trend of ¢, vs § is similar to that of the
case just discussed. However, the local ¢, peak between the
upstream influence line (8 = 49.5 deg) and the primary-
separation line (3 = 48.8 deg) and that just ahead of the
secondary-separation line (8 = 39.5 deg) are not so pro-
nounced as in the previous case. Also, the peak ¢y value is
rather dramatic in the strong-interaction case of Fig. 8, being
almost an order of magnitude higher than the incoming free-
stream ¢, level. Note, in this case, that the peak ¢, occurs
about 3 deg forward of the primary attachment line at 8 =
23.3 deg.

Comparative computations are also shown in Fig. 8, with
results similar to those of Fig. 7. Though the predicted peak c,
is slightly higher here than for the M, = 4, o = 16 deg case, it
does not keep pace with the rapidly rising peak in the
measured ¢, with increasing interaction strength. The k-e com-
putations underpredict the measured peak ¢, by 50%), again
with little distinction between integration to the wall and wall
functions. As in the previous M, = 4, o = 16 deg case, the
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Cebeci-Smith model is the only one to predict the local ¢, peak
just ahead of the secondary-separation line. The predicted
peak ¢, values using Cebeci-Smith and Baldwin-Lomax
models are slightly higher than those of the k-¢ model, but still
40% below the measured ¢, peak. All predictions except .-
e/wall functions show an initial drop in ¢, near the primary-
separation line, where the data show a slight increase.

The trends of both the LISF data and computations with in-
creasing interaction strength may be seen most clearly by plot-
ting ¢; . /¢, Vs the pressure ratio (p,/p,) across the un-
disturbed “‘inviscid”’ fin shock wave, as shown in Fig. 12. For
clarity, only the computational solutions using k-e/wall func-
tions and Cebeci-Smith models are shown in this figure. It can
be seen clearly that the measured peak ¢, values rise in a well-
behaved but nonlinear fashion with increasing interaction
strength, such that it fails progressively as the interaction
strength is increased. The prediction using the Cebeci-Smith
model does a better job for weak and moderate-strength inter-
actions, but then falls off dramatically between M, = 4, o =
16 and 20 deg.

Figures 13 and 14 show the angles of the surface skin-
friction lines, ¢, plotted against 3 along the measurement arcs
of the present M, = 4, a = 16 and 20 deg interactions, re-
spectively. The solid circles denote experimental points ex-
tracted from the surface streamline patterns shown previously
in Figs. 3 and 4. The error bar represents the overall accuracy
of ¢ measurements. The local minima in the measured angles
¢ at B = 32.6 and 39.5 deg, respectively, in Figs. 13 and 14
represent the secondary-separation lines that are clearly seen
in the corresponding surface streamline patterns.

The comparative results of the four different Navier-Stokes
solutions are also shown in Figs. 13 and 14. In no case do the
computations predict the measured surface streamline angles
correctly over the entire interaction. However, the k-e/wall-
functions solution clearly does the poorest job in comparison
with the data, grossly underpredicting the extent of the
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Fig. 12 Peak skin-friction coefficient vs pressure ratio across inviscid
shock wave.
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observed upstream influence. The other three computations
are better at this with only small differences among them.
They all overpredict ¢ near the secondary-separation lines and
underpredict ¢ between the inviscid shock locations and the
primary attachment lines of the two interactions. Note espe-
cially that integration to the wall appears to have solved the
nagging problem of underprediction of the upstream influence
of such interactions, which occurs here and in several previous
studies where k-¢/wall-function turbulence modeling was
used. Of the four computational solutions shown, k-e/
integration to the wall appears to do the best overall job of
predicting surface streamline angles in both interactions
shown in Figs. 13 and 14.

Next, computed eddy-viscosity distributions are plotted vs y
and compared in Fig. 15 for the M, = 4, a = 16 deg interac-
tion at 8 = 23 deg, which is near the peak value of the com-
puted c;. This figure clearly shows why the algebraic eddy-
viscosity models predict the higher values of peak skin
friction: both algebraic models produce higher p, values
throughout the flowfield than does the k-e¢ approach. The
Baldwin-Lomax model makes the eddy viscosity proportional
to vorticity, resulting in high values far above the wall due to
the vortical structure of the separated flowfield. Also note that
the two k-e solutions show different values of eddy viscosity in
the flowfield while predicting similar values of skin friction;
this is because the wall-function treatment uses an algebraic
equation rather than the actual velocity derivative at the wall
in calculating c;.
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In Figs. 13 and 14 it was shown that the predicted upstream
influence changes significantly depending on the use of wall
functions or integration to the wall. This is due to the implicit
assumption, in the wall-functions case, that there is no flow
turning below the second grid point away from the wall. Two
examples of computed flow yaw-angle profiles shown in Fig.
16 illustrate this point (yaw angle is defined as the direction of
the velocity vector in the x-z plane). In this figure the com-
puted yaw angle at each grid point is plotted vs y and y* for
the Mach 4, « = 16 deg interaction. The locations of these
profiles are 3 = 40 deg (wall functions) and 8 = 43 deg (inte-
gration to the wall), both near the upstream-influence line of
the interaction. It is seen in Fig. 16 that the predicted yaw an-
gle increases significantly in the region very close to the wall,
well below the minimum-height grid point employed by the
wall-functions treatment. This increases the upstream in-
fluence and eventually affects the entire flowfield. Thus, any
future wall-function computations for this class of swept in-

- teractions should definitely allow for additional turning below
the first two grid points. (Work is in progress to accomplish
this.)

Conclusions

A joint experimental and computational study of skin fric-
tion in weak-to-strong swept shock wave/turbulent boundary-
layer interactions at M, = 3 and 4 has been carried out. The
significant conclusions of this study are as follows:

1) A strong peak in measured skin friction occurs in the
vicinity of the primary flow attachment line in the swept
interactions.

2) This skin-friction peak rises monotonically with increas-
ing interaction strength, reaching a value an order of magni-
tude higher than the incoming flat-plate skin-friction level for
the strongest interaction measured here.

3) A small local skin-friction peak is found just ahead of the
surface-flow feature known as the secondary-separation line.

4) Although skin-friction prediction using a k-e/wall-
functions turbulence model in these flows is adequate for the
weakest cases studied, it fails systematically with increasing in-
teraction strength.
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5) The computational prediction of peak skin friction using
algebraic turbulence models achieves an improvement due to
their production of higher eddy-viscosity levels; however, they
still fail for the strongest interactions studied.

6) This failure of computational skin-friction predictions is
manifested in the aft half of the interaction zone, where the
peak c; level is underpredicted by as much as 50%.

7) The wall-treatment scheme (wall functions vs integration
to the wall) used in the k-e turbulence model has a secondary
effect on the prediction of skin friction, but an important ef-
fect on the prediction of measured surface-streamline patterns
and the extent of upstream influence. In the latter case, the
k-e/integration-to-the-wall turbulence model produces the
best prediction.

8) The LISF technique has been successfully applied up to a
wall shear-stress level of 1000 Pa in this study.
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