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Skin Friction Measurements by Laser Interferometry
in Swept Shock/Boundary-Layer Interactions

Kwang-Soo Kim* and Gary S. Settles!
Pennsylvania State University, University Park, Pennsylvania

Measurements have been made of wall shear stresses in swept interactions of planar shock waves generated by
a sharp fin and the two-dimensional turbulent boundary layer on a flat plate. Test conditions were Mach number
3.03, Reynolds number Ree - 1.5 X 104, wall temperature near adiabatic, and fin angles of 10 and 16 deg.
Measurements were made using the Laser Interferometer Skin Friction (LISF) meter, which optically detects the
thickness of an oil film on the test surface. The results show that such measurements are practical in high-speed
interacting flows with a repeatability of ± 12% or better. Further, with proper data handling, LISF measure-
ments appear feasible at very high shear levels, which were previously considered unobtainable. Dramatic
increases in wall shear were observed in both swept interactions tested. These data are compared with computa-
tional Navier-Stokes solutions by Horstman and Knight wherein k-e and algebraic turbulence models were used.
Both computations predict the overall measured c/ levels at a = 10 deg but fail to predict some features of the
Cf distributions properly.

Nomenclature
cf = skin friction coefficient based on incoming

freestream conditions
MO, = incoming freestream Mach number
N = number of fringes
Po = stagnation pressure of incoming stream, MPa (psia)
pw = wall static pressure on flat plate, MPa (psia)
/?oo = incoming freestream static pressure, MPa (psia)
R = radial distance measured from the fin leading-edge,

cm (in.)
ReQ = Reynolds number based on the local, undisturbed

boundary-layer momentum thickness
5 = distance measured along surface streamline, mm
Taw = adiabatic wall temperature, K
T0 = freestream stagnation temperature, K
Tw = wall temperature, K
u + ,y + = dimensionless wall-wake velocity and height

coordinates
x,y,z = orthogonal stream wise, normal, and span wise

coordinates, respectively, cm
a. = angle made by fin with respect to the incoming

freestream direction, deg
/3 = angle with respect to freestream direction,

measured from fin leading edge, deg
As = distance from oil-film leading edge to laser spot

along surface streamline, mm
5 = local, undisturbed boundary-layer thickness, mm
v = oil viscosity, cs
II = boundary-layer, wake-strength parameter
TW = wall shear stress, N/m2
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Subscripts
is = incident shock wave location
ps = primary separation line location
r = reattachment line location
5-5 = secondary separation line location
ui = upstream influence line location

Introduction

SWEPT shock wave/boundary-layer interactions are
among the chief aerothermodynamic problems that cur-

rently limit high-speed propulsion and flight. They also repre-
sent a fundamental problem area of modern fluid dynamics
which has, thus far, evaded any comprehensive theoretical or
computational treatment. Many publications and a recent sur-
vey article1 have appeared on this subject.

The computation of complex viscous-inviscid interacting
flows such as the swept shock/boundary-layer interaction is
presently paced by the need for detailed, "benchmark*' exper-
iments for code validation.2 In particular, it is widely recog-
nized that traditional measurements such as surface pressures
and oil flows are inadequate for this purpose. The current
state-of-the-art Navier-Stokes solvers still employ highly sim-
plified turbulence models whose efficacy is in considerable
doubt for complex interacting flows. Experimental data that
directly address the turbulent stresses in these flows are sorely
needed to advance both the development and validation of
turbulence modeling. Unfortunately, such experiments are dif-
ficult and expensive to perform in high-speed flows.

Recognizing this, the participants of the 1980-81 AFOSR-
HTTM-Stanford Conference on Complex Turbulent Flows
scrutinized the available data base and recommended certain
directions for future experimentation.3 Among these was the
suggestion that detailed and accurate heat transfer and skin
friction data be obtained in high-speed flow experiments.
These quantities, being directly linked to turbulent stresses
within the boundary layer, provide a more significant level of
comparison with computational fluid dynamics (CFD) results
than do, for example, surface pressures. However, heat trans-
fer and especialy skin friction are difficult to measure with
acceptable accuracy in high-speed interacting flows.

The traditional methods for the measurement of skin fric-
tion in high-speed flows have been thoroughly reviewed by
Winter.4 Recent developments were also surveyed by Settles.5
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Other than the direct measurement of wall shear stress TW , by
a balance, the available techniques infer skin friction from
some other measured quantity such as heat transfer or pitot
pressure. The validity of such inferential methods is doubtful
in complex interacting flows. Further, floating-element bal-
ances have serious problems in such flows due to pressure
gradients and poor spatial resolution. Thus, for the class of
flows in question, reliable measurement techniques have been
essentially nonexistent. As a result, there are no known skin
friction data in shock/boundary-layer interactions of accept-
able accuracy for code validation purposes.

A recent development, the Laser Interferometer Skin Fric-
tion (LISF) meter, promises to resolve this problem. The LISF
meter was invented by Tanner and Blows6 and was subse-
quently refined by Tanner,7 Monson and Higuchi,8 Monson et
al.,9'10'11 Westphal et al.,12 and Kim and Settles.13 It interfero-
metrically senses the time rate of thinning of an oil film on a
polished surface subjected to aerodynamic shear. In two-di-
mensional (2-D) flows without pressure gradients, oil lubrica-
tion theory then gives TW directly, without reference to the
properties of the overlying boundary layer. While some correc-
tions may be required in pressure-gradient and shear-gradient
flows, the instrument nonetheless delivers essentially a direct
measurement of rw. The Pennsylvania State University version
of this instrument and its associated data handling proce-
dures13 is believed to be the only compressible-flow LISF meter
currently in existence.

The applicability, repeatability, and accuracy of the LISF
technique for use in compressible flows have been determined
by Kim and Settles13 through an experimental calibration over
a range of Mach numbers. This calibration was done using
zero-pressure-gradient turbulent boundary layers. It revealed
the mean LISF skin friction value to be about 8% low at Mach
2.5, improving to only 3% low at Mach 4 (presumably in part
due to an improvement in the LISF fringe count at higher
Mach numbers). It was also observed that surf ace-wave phe-
nomena on the oil film limit the technique in high-r^ flows, but
this does not preclude accurate measurements in the super-
sonic Mach number range. Monson10 measured a maximum
level of TW = 120 N/m2 with the LISF meter in high-Reynolds
number supersonic flow. Here, we extend that limit to almost
600 N/m2.

The present paper reports an experimental study in which
the LISF meter is used to measure rw distributions in two
interactions of fin-generated, swept shock waves with turbu-
lent boundary layers. The basic research configuration is an
unswept, sharp-leading-edge fin of variable angle a mounted
on a flat plate. This configuration generates "building-block"
interactions representative of those occurring on practical
high-speed vehicles. Two examples are fin-fuselage junctions
and corner flows in supersonic engine inlets.

The goal of this study is to apply the LISF meter to obtain
reliable TW data in three-dimensional (3-D) swept shock wave/
turbulent boundary-layer interactions. Such data are sought in
order to shed light on the physical mechanisms of such interac-
tions and to provide a benchmark for CFD code validation. In
particular, the data are expected to be useful in judging the
effectiveness of current turbulence models.

Experimental Methods
Wind Tunnel and Test Conditions

The Pennsylvania State University Supersonic Wind Tun-
nel14 used in this study is a blowdown facility with a nominal
Mach number range of 1.5-4. The variable-Mach-number ca-
pability is achieved by way of an asymmetric sliding-block
nozzle. The test section of the wind tunnel is 150 mm (6 in.)
wide, 165 mm (6.5 in.) high, and 610 mm (24 in.) long. Cali-
bration experiments have revealed good flow quality across the
available Mach number range. Wind tunnel run durations for
the present study ranged from 20-30 s.

The test Mach number was fixed at 3.03 ±0.033 in this

study. The stagnation conditions of the flow were p0 = 0.827
MPa (120 psia) ± 3.9% and T0 = 293.5 K ± 2.7%, yielding a
freestream unit Reynolds number of 6.19 x 107/m ± 4%.

The interaction test surface was a flat plate, 500 mm (19.5
in.) long, which spanned the test section. Natural boundary-
layer transition was observed to occur within 2 cm of the plate
leading edge. The plate was fitted with both surface-pressure
taps and surface thermocouples. An unswept fin shock gener-
ator was positioned with its sharp leading edge 216 mm (8.5
in.) from the plate leading edge and 26.2 mm (1.03 in.) from
the tunnel sidewall. The fin was 100 mm (4 in.) high, 127 mm
(5 in.) long, and 6.35 mm (0.25 in.) thick. The fin height of
about 306 insured that the interaction was a semi-infinite one
for the region of the interaction under present study.1 A sketch
of the fin/plate test configuration is shown in Fig. 1.

The fin angle of attack was varied by a pneumatic fin-injec-
tion mechanism mounted through the tunnel sidewall. The
bottom of the fin had a rubber seal which insured that no
leakage under the fin occurred during the experiments. Two
fin angle of attack values, a = 10 and 16 deg, were tested. The
fin angles were determined to 0.1 deg accuracy using a machin-
ist's protractor.

The flat plate contained 96 surface-pressure taps arranged in
concentric circular arcs about the fin leading-edge position.
This arrangement was chosen to take advantage of the quasi-
conical interaction symmetry that has been fully described
elsewhere.1 The pressure-tap arc radii were multiples of 25.4
mm (1 in.). LISF measurements were also made along circular
arcs centered about the fin leading edge. However, these were
chosen midway between the pressure-tap arcs in order to avoid
interference. For the a = 10 deg case, the arc radius R for LISF
measurements was 114.3 mm (4.5 in.). The R was reduced to
88.9 mm (3.5 in.) for a = 16 deg in order to avoid possible
interference due to the shock-wave interaction with the wind
tunnel sidewall boundary layer. Finally, some additional LISF
data were taken along radii from the conical-flow virtual
origin. These radii lay at /5 = 24 deg for the a = 10 deg case and
0 = 38 deg for the a = 16 deg case.

The undisturbed flat-plate boundary layer has been sur-
veyed and documented14 for test conditions close to those of
the present study (same A/*,, but Re# 11% lower than present).
Pitot-pressure surveys along the flat-plate centerline and 38
mm (1.5 in.) to each side showed that the test boundary layer
is 2-D, turbulent, and in equilibrium in the sense that it satis-
fies the combined law of the wall/law of the wake with con-
stant II within the accepted equilibrium range. The test
boundary-layer is also near-adiabatic (Tw/Taw = 1.06 ±
2.2%). The mean velocity profile of the undisturbed boundary
layer at x = 28 cm (11 in.) from the flat plate leading edge is
shown in Fig. 2, along with the corresponding Sun-Childs15

compressible wall-wake curve fit. The boundary-layer parame-
ters extracted from this curve fit are: <5 = 4.4 mm,

Fig. 1 Schematic diagram of LISF meter, flat plate, and fin (see text
for key).
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Fig. 2 Incoming velocity profile wall-wake curve fit.

Ree = 1.3408 x 104, II = 0.63, and cf = 0.0015. For the higher
Ree = 1.4915 x 104 of the present study, cf in the incoming
boundary layer is predicted to be 0.0014 by the Van Driest II
theory.16

LISF Meter in High-speed 3-D Flow
The underlying theory of the LISF technique and examples

of its application, mainly in incompressible flows, are thor-
oughly documented in Refs. 6-12. The adaptation of the LISF
meter for use in compressible flows has further been discussed
in detail by Kim and Settles.13 The major limitation of the
technique is due to surface-wave phenomena on the oil film in
high-TH, flows, about which more will be said below.

Other than in a supersonic delta-wing demonstration exper-
iment by Monson et al.,9 the LISF meter has not been used in
compressible 3-D flows prior to the present study. One of our
goals is to establish firmly the applicability of the instrument
to such flows.

It is generally necessary in 3-D LISF measurements to know
the direction of the rw vector a priori, since an accurate knowl-
edge of the distance As from the oil-film leading edge to laser-
beam measuring spot is required. Alternatively, when the dual-
beam LISF adaptation is used,8'12 As need not be measured.
However, in that case either the dual beam spots must still be
aligned with the local TW direction, or two components of rw
must be measured with considerable extra effort.

Local TW directions may be determined directly from sur-
face-flow visualization results, assuming that these are ob-
tained in a quantitative manner. It is known that small-ampli-
tude broadband fluctuations occur in shock wave/turbulent
boundary-layer interactions though the overall flow structure
has been observed to be nominally stationary. Since surface-
flow visualization methods have little or no frequency re-
sponse, they clearly perform some sort of averaging process.
In the absence of evidence to the contrary, we have assumed
that such patterns yield a true representation of the local mean
direction of the rw vector.

The kerosene-lampblack-adhesive tape technique17 is partic-
ularly suitable for determining TW directions, in that it yields
undistorted, full-scale, surface-streak patterns. Angular mea-
surements of local TW directions are possible with ±0.5 deg
routine accuracy. Such patterns were obtained for the a = 10
and 16 deg test cases of the present study and are shown in Fig.
3. During LISF tests, full-scale transparent overlays of these
surface-flow patterns were used to identify the surface-flow
direction corresponding to a given position of the laser-beam
measuring spot.

After applying the oil film to the flat plate, an optical
cathetometer (least count: 0.025 mm) aligned normal to the
surface-flow direction was used to measure As with a re-
peatability of ±0.6%. The leading edge of the oil film was
highlighted for this purpose by reflected light from a spotlight

Fig. 3a Kerosene-lampblack surface-flow pattern for a = 10 deg.

Fig. 3b Kerosene-lampblack surface-flow pattern for a = 16 deg.

positioned outside the wind tunnel. Still, uncertainty of the
exact oil-film, leading-edge position was the major contributor
to uncertainty in As. Checks were made to insure that As did
not shift due to wind tunnel startup. With practice, As was
measured with an overall accuracy of ± 2%.

With this technique to obtain accurate As measurements
along the local surface-flow directions, we were able to use the
single-beam LISF-meter arrangement shown in Fig. 1. The
dual-beam method, originally developed from the single-beam
method by Monson and colleagues, was a solution to the prob-
lem of inaccuracy in measuring As. Its advantages lie in over-
coming problems due to poor optical access, wind tunnel mo-
tion during startup, and possible spreading of the oil film after
As is measured. However, for 3-D flows the dual-beam ap-
proach appears to involve added complexity and mechanical
alignment difficulties that outweigh these advantages. With
the simpler single-beam method, there is no basic difference in
the LISF technique for 2-D and 3-D flows.

Arrangement of LISF Meter and Data Acquisition System
Figure 1 illustrates the components of the single-beam LISF

meter used in this study. The beam from a 5-mW, linearly
polarized, helium-neon laser (1) first passes through a 50%
neutral-density filter (2) and an iris diaphragm (3). The beam
is then directed downward by a folding mirror (4), and focused
by a lens (5), passing through the plexiglas ceiling window (6)
of the wind tunnel to form a spot of about 450 /xm diam at an
appropriate point (7) on the flat plate. During experiments, a
thin film of v = 500 cS Dow-Corning "200" silicone oil ap-
plied to a local region (7) of the flat plate is sheared by the rw
distribution of the shock/boundary-layer interaction due to
the fin (8). The incident laser beam is reflected by both the
surface of the oil film and the polished plate beneath it. This
produces a reflected, two-component, interfering laser beam
directed out of the wind tunnel through the ceiling window.
(The beam angles of incidence and reflection are kept to about
1 deg.) The reflected beam is intercepted by two first-surface
aiming mirrors, (9) and (10), where it is directed through a
ground-glass diffuser (11) and a 6328 A filter onto a photodi-
ode (12).

The photodiode senses a time-dependent light intensity due
to the interference of light reflected from the oil film and test
surface. The photodiode output (13) is raised to a level of 8 V
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by an internal operational amplifier, low-pass filtered with a
10-Hz cutoff to remove high-frequency, vibration-induced op-
tical noise above the oil-film response range, and recorded.
Seven other channels of data are recorded simultaneously: /?0,
r0, two/?M, channels, and three Tw channels. The data channels
are simultaneously sampled by a multiplexer, digitized by a
microcomputer-controlled analog/digital converter, and
stored in the computer memory. For present purposes, a 20-Hz
data rate was initially chosen, yielding at least 20 points per
interference fringe. However, the requirement for greater ac-
curacy in high-shear regions of the flow led to an increase of
the data rate to 50 Hz. The photodiode output was also mon-
itored in real time on a strip-chart recorder during the experi-
ments.

Data Reduction
A detailed account of LISF data reduction procedures is

given by Kim and Settles.13 Briefly, the limited fringe count
obtainable in high-rw flows calls for somewhat different data
reduction than that reported by other investigators for incom-
pressible flows. Given only 2-8 fringes, it becomes necessary to
determine TW based on the entire signal within the usable fringe
record. Merely determining the time interval corresponding to
3 arbitrary fringe peaks (minima and maxima), as is done in
incompressible flow, does not yield sufficient accuracy here.

Thus, as described in Ref. 13, it is necessary to define that
part of the fringe record which is usable and consistent with oil
lubrication theory, i.e., which conforms to a regular "envel-
ope." The initial and final segments of the fringe record which
do not so conform are discarded as are occasional distorted
fringe records due to dust particles on the oil film, etc. Usable
fringe records are smoothed by repeated application of an
adjacent-point averaging algorithm until all noise on the signal
is removed.

The LISF data reduction equation,8 derived from the
Navier-Stokes equation and assuming constant wall shear
stress, is

2npv cos(r)
't (1)

where TV' = effective fringe number, t' = effective oil-flow
time, n — oil refractive index, p = oil density, X = laser wave-
length, and r = oil refraction angle.

Equation (1) requires a correction for the effect of variable
Tw on j>, as described in Ref. 13. This correction is critical to
LISF measurements in high-speed flows since a 1 °C change in
Tw causes about a 2% change in v. Accordingly, the viscosity-
temperature characteristics of a sample of 500-cS silicone oil
were determined by a professional testing laboratory to an
accuracy of better than 1% over the present temperature
range.

The calculation of N' and t1 in Eq. (1) is carried out follow-
ing Eqs. (6) and (7) of Ref. 13. These results are next com-

pared with oil lubrication theory in the N'-t' plane as shown
in Fig. 4 for a case where TW = 577 N/m2. A least-squares curve
fit of the data to the lubrication theory is performed, followed
by a computation of the reduced deviation of the data from the
fitted curve, xJ, which is defined as x2 divided by the number
of degrees of freedom. Then, the first fringe peak (i.e., the
first data point) is eliminated, and the fit is repeated since more
fringe peaks do not always lead to greater accuracy. This pro-
cess is continued up to A/V = —1.5, rather than — 2 as quoted
in Ref. 13, considering the small number of usable fringes in
the present study, due to high rw, as compared to our previous
work. The value of N't' corresponding to the curve fit
with the minimum \2

V is used in the calculation of rw in
Eq. (1).

Before TW is found, however, two further corrections8'9 are
required in principle, since the oil film in the present experi-
ments is subject to both pressure and shear gradients. The
pressure-gradient correction8 was evaluated through interpola-
tion of pw measured at the radial tap rows on either side of the
LISF measurement arc on the flat plate. These pressure distri-
butions, obtained in an earlier study,14 are plotted in Fig. 5 as
functions of the angle /3. Note that it was deliberately chosen
to take LISF data in the region of quasiconical interaction
symmetry well downstream of the fin leading edge. Thus, as
shown in Fig. 5, pw vs /3 is essentially independent of R.

The pressure-gradient correction for the present experi-
ments amounted at most to ±0.1%, which is negligible. This
fact is significant in that pressure-gradient errors are con-
trolling factors in most other methods of skin friction mea-
surement.4'5 However, it cannot be stated categorically that
the LISF pressure-gradient correction will always be negligible
in all experiments. Two-dimensional interactions, for exam-
ple, could produce pressure gradients large enough to make
this correction significant.

The shear-gradient correction9 is quite simple for the single-
beam LISF technique. The correction is required if there is a
significant change in TW from the oil-film, leading-edge to the
laser-beam measurement spot. This correction has the form

W .
TW = Tw + ~ —— AS4 ds (2)

where TW = the corrected value of wall shear stress. For small
As, one may assume that drw/ds = a constant locally. Thus
the correction is accomplished by a shift of the measurement
point along the surface streamline direction. However, for the
present experiments, As - 2 mm; therefore, the required shift
is only — 0.5 mm, which is negligible. In general, a shear-gra-
dient correction may always be avoided in single-beam LISF
measurements if As is kept small.

Error Analysis
The uncertainties in the flow quantities and other parame-

ters connected with the LISF measurements have been cited in
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Fig. 6 The c/ distribution for a = 10 deg with CFD comparison. Fig. 7 The c/ distribution for a = 16 deg with CFD comparison.

previous sections. In all cases, these uncertainties are given as
the mean value ± two standard deviations. Each measurement
point within the two swept interactions studied here was re-
peated seven times in separate wind tunnel runs. Gaussian
distributions resulted. Chauvenet's criterion was then applied
once to each seven-point ensemble to discard, if necessary, a
single bad point from the ensemble. The error bars in the plots
of the following sections indicate the repeatability of the data
as ± 2 standard deviation about the mean. In general, the
repeatability error varied from as little as ± 4% upstream of
the interaction to as much as ± 20% at the highest rw in the
a = 10 deg case. In the subsequent a = 16 deg experiments, a
higher data acquisition rate and experience combined to limit
the repeatability band to ± 12% or less.

Of course, there exists no calibration standard with which to
judge the absolute accuracy of TW measurements in shock/
boundary-layer interactions. However, the accuracy of LISF
measurements in compressible, flat-plate, turbulent bound-
ary layers has been assessed in previous calibration experi-
ments.9'13 By coming to terms with the limits imposed by high
shear levels on the usable fringe count, the error band has been
reduced from ± 20%9 to ± 12%13 at the Mach number of the
present study. As discussed below, further improvements may
be possible.

Results and Discussion
The measured skin friction distribution for a = 10 deg,

R = 114.3 mm (4.5 in.) is shown in Fig. 6. As in Fig. 5, the cf
data are plotted vs the angle 0 measured from the fin leading
edge since the interaction is quasiconical. The flat-plate c/level
ahead of the interaction is 0.0011, which is 20% below the
value predicted by the Van Driest II theory.16 (The reason for
this is unknown, since our calibration experiments13 showed
only a 6% disagreement with Van Driest at Mach 3.)

At the upstream-influence line of the interaction (ft = 39
deg), Cf initially rises, then falls again in the region between the
separation line (ft = 32 deg), and the angle of the inviscid fin-
shock wave (ft = 21A deg). From this location aft to ft = 15
deg, a steep rise in cf occurs, reaching maximum values of
0.0025 or 230% of the incoming level. Finally, c/ decreases
slightly as the fin (a. = ft = 10 deg) is approached.

Our physical interpretation of the measurements shown in
Fig. 6 is as follows. The initial rise of c/ at the upstream
influence line appears to be due to the onset of the swept
pressure gradient, which shears the bottom of the incoming
boundary-layer in the span wise direction. Low-momentum
fluid is thus removed from the boundary-layer, such that the
velocity-gradient normal to the surface (and thus c/) is in-
creased. The onset of the swept interaction may therefore be
imagined as a natural boundary-layer control mechanism.
However, separation nonetheless occurs downstream where
the convergence of upstream and downstream fluid at the wall
reduces the normal velocity gradient and c/. The steep rise to

maximum c/values near the fin is explained in terms of recent
structural studies of separated fin interaction flowfields.18 The
observed "A-shock" structure causes the impingement of a
high-speed jet on the flat plate in the vicinity of the line of flow
reattachment near the fin. This phenomenon is known to pro-
duce very high rw,pw, and heat transfer levels.19 From this jet
impingement region, the fluid near the wall moves spanwise
and forward to eventually meet the separation line. Thus the
phenomenology of the region 15 deg < ft < 32 deg in Fig. 6 is
a rapid decrease of cf from its maximum level as the separation
line is approached from behind.

The measured skin friction distribution for a. = 16 deg,
R = 88.9 mm (3.5 in.) is shown in Fig. 7. This stronger interac-
tion exhibits the same qualitative cf features as the 10-deg case.
However, the maximum c/level is now 0.0041, or 370% higher
than the incoming boundary-layer c/. As the interaction
strength grows, the jet-impingement phenomenon described
above also grows stronger and produces higher local wall
shear, here centered about ft — 24 deg. The skin friction drops
rapidly and almost symmetrically on either side of this im-
pingement region.

The initial rise in Cf at the upstream-influence line, promi-
nent in Fig. 6, is almost unnoticeable in Fig. 7. Here the
upstream influence line lies at ft = 49 deg and the separation
line occurs at ft = 45 deg, i.e., very close together. Previous
studies1'20 have shown that the angular increment between up-
stream influence and separation decreases with increasing in-
teraction strength, eventually becoming quite small. Thus the
initial rise in c/at the interaction onset is judged to be primarily
a weak-interaction phenomenon.

Between the inviscid shock location (ft = 33.3 deg) and the
separation line, c/decays less rapidly than in its steep fall from
the jet-impingement location at ft — 24 deg. Within this region
at ft = 37 deg lies a surface-flow feature commonly referred to
as "secondary separation," which is quite weak in the present
case (see Figure 3b). No indication of its presence is noticeable
in the Cf distribution. However, measurements now in progress
in even stronger interactions do show a distinct peak in c/just
upstream of the secondary separation line.

Throughout these experiments, the performance of the LISF
meter was quite consistent with previous experience in simpler
flows.13 The primary noticeable difference in performance was
due to high interaction shear levels which produced fewer us-
able fringes than before. However, for laser-beam spot loca-
tions directly beneath the incident shock, noisy fringe signals
were obtained. This is thought to result from laser-beam re-
fraction by the shock when the two are essentially coplanar.
Even so, it was possible to filter out the noise and still obtain
a Cf measurement beneath the shock.

Comparison with Navier-Stokes Computations
Computational simulations have been carried out by Knight

et al.21 for swept, fin-generated interactions with essentially
the same boundary conditions as in the present experiments.
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These investigators provided the detailed results of their com-
putations22'23 for comparison with our measured c/ distribu-
tions. In all cases, the compressible, Reynolds-averaged
Navier-Stokes equations were solved, though different numer-
ical algorithms, grids, and turbulence models were used.
Horstman's solutions employed the Jones-Launder, two-equa-
tion k-e turbulence model, and Knight used the Baldwin-Lo-
max algebraic eddy-viscosity turbulence model. A detailed de-
scription of these computations is omitted here due to space
limitations but is thoroughly documented elsewhere (e.g., Ref.
21).

A comparison of the Horstman and Knight CFD results with
the present a. = 10 deg c/data is shown in Fig. 6. [Note that an
interpolation of the computed mesh points of both computa-
tions was done by the present authors in order to present all
results at R = 114.3 mm (4.5 in.) from the fin leading edge.]
Both computations reasonably predict the high measured c/
level around /? = 15 deg, as well as its decay with increasing j3.
However, Knight's result shows as initial decrease in cf near
the beginning of the interaction whereas an increase was mea-
sured. Horstman's solution slightly overpredicts this increase.
Overall, Horstman's k-e solution best predicts the LISF mea-
surements.

A comparison of the Horstman's CFD result with the
present a - 16 deg c/data is shown in Fig. 7. (No computation
for this fin angle was carried out by Knight.) The upstream
initial c/rise is slightly overpredicted, compared with the mea-
surements. Horstman's solution underpredicts our measure-
ments aft of the inviscid shock location at 13 = 33.3 deg by up
to 30%.

Finally, the additional LISF data taken along radii from the
quasiconical virtual origin at /3 = 24 deg for the a = 10 deg case
and j8 = 38 deg for the a. = 16 deg case are shown in Figs. 8a
and 8b, respectively. In Fig. 8a, interpolated values of both the

Horstman and Knight computations are also shown. The ab-
scissa of Figs. 8a and 8b is given as the stream wise distance
from the virtual conical origin of the interaction.1 This was
determined from surface-streak patterns in the experiment and
from the computational analogs of such patterns. Presenting
the results in these coordinates reveals the behavior of c/in the
inception zone of the interaction and in the quasiconical region
downstream.

Figure 8a reveals that cf increases with distance from the
virtual origin, eventually asymptoting to a constant level. The
measurements and both computations agree on this point,
which is entirely consistent with the quasiconical interaction
model proposed earlier.1 Figure 8b shows the same phe-
nomenon in the a. = 16 deg interaction.

Implications for LISF Measurements in High-shear Flows
As described elsewhere,9'13'24 surface waves on the oil film

impose the most serious limitation on the LISF technique. By
disrupting the laser beam, these waves prevent usable interfer-
ence fringes from being obtained until the oil film becomes
quite thin. This effectively limits the number of usable fringes
one can obtain, which directly affects the measurement accu-
racy. The surf ace-wave problem is exacerbated as TW becomes
large.

In the present study, we have encountered TW levels ranging
from 115 to 586 N/m2. The number of usable fringes we ob-
tained over this range is plotted against TW in Fig. 9. This figure
indicates that an asymptotic condition of roughly 2 usable
fringes may persist even at extremely high shear levels. Actu-
ally, the curve fit to the data shown in Fig. 9 yields the expres-
sion:

N = 1500 58,370
(3)
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Fig. 8a The c/ distribution along ft = 24 deg conical ray for a = 10
deg.

but extrapolation of this fit to higher TW values is not war-
ranted.

The upshot of Fig. 9 is the following: If sufficient accuracy
in cf can be had from only two interference fringes, then the
LISF technique can still be used despite arbitrarily high shear
levels. For this reason, we have concentrated our efforts here
and in Ref. 13 on extracting the maximum useful information
from an extremely limited fringe count. Further details on this
and related issues may be found in the doctoral dissertation of
Kirn.25

There appears to be no simple way to increase the fringe
count; although switching to a green helium-neon laser
(X = 5230A) or the blue line of an argon-ion laser would pro-
duce somewhat of an advantage. The fringe count could be at
least doubled by the use of an (invisible) ultraviolet laser, but
this approach involves several serious drawbacks.
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0.001 -

0.000
0 1 2 3 4 5
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Fig. 8b The c/ distribution along £ = 38 deg conical ray for a = 16
deg.
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Fig. 9 Number of usable fringes vs shear level.
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Conclusions
Experimental measurements have been made of wall shear

stresses in swept interactions of a planar shock wave generated
by a fin at angle of attack and the 2-D turbulent boundary
layer on a flat plate at Mach 3.03. These measurements were
made using the LISF meter. The significant conclusions of this
study are as follows.

1) The LISF technique is shown to be practical for skin
friction measurements in 3-D shock wave/boundary-layer
interactions.

2) With proper data acquisition and reduction procedures,
the LISF technique is useful even at extremely high wall shear
stress levels.

3) In contrast with the case for other skin friction methods,
the LISF corrections for pressure and shear gradients are neg-
ligible in the present experiment.

4) Skin friction is found to rise at the onset of a weak swept
interaction and to reach high levels near the fin for both weak
and strong interactions.

5) The present skin friction data, obtained in seven-point
ensembles at each measuring station, has an overall repeatabil-
ity of ± 12% or better, based on a 2a error band.

6) The quasiconical interaction model proposed earlier is
supported by the present results.

7) Navier-Stokes computations by two other investigators
simulate the overall features and levels of the measured cy
distribution but fail to predict some of the detailed features
properly.
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