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Skin-Friction Measurements in Three-Dimensional, Supersonic
Shock-Wave/Boundary-Layer Interaction
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The experimental documentation of a three-dimensional shock-wave/boundary-layer interaction in a nominal
Mach 3 flow is presented. The model consisted of a sting-supported cylinder, aligned with the freestream flow,
and a 20-deg half-angle conical flare offset 1.27 cm from the cylinder centerline. Surface oil flow, laser light sheet
illumination, and spark schlieren photography were used to document the flow topology. Extensive surface-pressure
and skin-friction measurements were made throughout the interaction region. A laser interferometric skin-friction
instrument was employed to acquire the skin-friction data. Resolved skin-friction measurements of Cfx and C/z
were made within the highly swept three-dimensional separated regions. The skin-friction data will be of particular
value for turbulence modeling and computational fluid dynamics validation.

Nomenclature
Cf = local skin-friction coefficient, =2r/p00U^Q
Ci,2,3 = constants
h = local oil thickness
kj = incremental fringe number
MOO = freestream Mach number
N = fringe number
N0 = reference fringe number
n0 = refractive index of oil
•P = local surface pressure
Pt = total pressure
POO = freestream static pressure
Re = Reynolds number
r = radial coordinate from cylinder centerline
Tt = total temperature
TOO = freestream static temperature
/ = oil-flow time
h = incremental oil-flow time
t0 = reference oil-flow time
UOQ = freestream velocity
x = streamwise coordinate, also distance from oil leading

edge to measurement beam
xa = attachment location
xs = separation location
z = transverse coordinate
ft - surface flow angle
8 = boundary-layer thickness
Ot = refracted beam angle
X = wavelength of light
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v0 = kinematic viscosity of oil
po = density of oil
Poo = freestream density
r = local wall shear stress
<p = azimuthal coordinate

Introduction

T HE flowfield surrounding aerodynamic vehicles can be quite
complex. Practical flows are typically compressible, turbulent,

and three dimensional. In addition, at supersonic speeds shock waves
exist which interact with flight surface boundary layers. The adverse
pressure gradient associated with shock-wave/boundary-layer inter-
actions (SW/BLI) can cause the boundary layer to separate, thus
altering aircraft performance. Hence, there is a need to better un-
derstand and predict these SW/BLI.

Over the years, computational fluid dynamics (CFD) has aug-
mented experimental research on SW/BLI. Although the idea of
full computational simulation of flowfields in place of wind-tunnel
documentation is appealing, much work is required before complete
computational solutions to turbulent three-dimensional SW/BLI
problems can be reliably achieved. In solving the Navier-Stokes
equations, closure of the equation set is achieved by modeling the
turbulence. These turbulence models need to be developed with
reliance on measurements of the physical phenomenon of the in-
teraction. There is also a need to provide experimental data to val-
idate the computational results from CFD. Thus, experiments and
computations are complementary tools that can extend the present
understanding of fluid dynamics and produce methods by which
SW/BLI can be accurately predicted.

The present building-block experiment (see also Ref. 1) was
undertaken, in the context of previous related axisymmetric and
unsteady three-dimensional SW/BLI studies,2"5 with the goal of ac-
quiring accurate data in a steady three-dimensional SW/BLI to guide
turbulence modeling development and for CFD code validation. Be-
cause of the scarcity of accurate skin-friction data in SW/BLI, the
emphasis of this study was on the acquisition of skin-friction data.
A laser interferometric skin-friction (LISF) instrument was used to
acquire the skin-friction data in this complex flow characterized by
large pressure and shear-stress gradients. The dataset for this exper-
iment is available on the disk included in Ref. 1 or via e-mail from
the second author.
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Table I Tunnel operating conditions

P,,kPa(1.7atm)
Tt, K
Poo,kPa
TOO, K
Poo, kg/m3

MOO

f/oo, m/s
Re, m-1

5, cm

172.37
280
5.54
105

0.184
2.89
593

15.0 x 106

1.10

Fig. 1 Schematic of 20 deg/1.27 cm offset three-dimensional flare.

(14)
(11) (10)

(8) (8)

Fig. 2 Schematic of LISF instrument; 1) 5 mW helium-neon laser, 2)
spatial filter, 3) focusing lens, 4) focusing lens, 5) neutral density filter,
6) interferometric flat, 7) beam stop, 8) vertical assembly of mirror, 9)
mirrors, 10) collimating lens, 11) focusing lens, 12) 0.6328 micron filter,
13) reflective prism, and 14) photodiodes.

Experimental Description
Flow Model and Test Conditions

The experimental study was conducted in the NASA Ames Re-
search Center High Reynolds Channel I facility. A Mach 3 nozzle
was employed for the study. The test section was 25.4 cm wide
by 38.1 cm high. An axisymmetric turbulent boundary layer de-
veloped on a 5.08-cm-diam cylinder aligned with the tunnel axis
(Figs. 1 and 2). An instrumented three-dimensional flare slid over
and was secured to the cylinder. The flare was fabricated as a 20-
deg half-angle axisymmetric cone but with its centerline displaced
1.27 cm from the cylinder centerline. The flare was terminated with
a 12.70-cm-diam afterbody, the centerline of which matched that of
the cylinder. The two azimuths of symmetry were along 0 = 0 and
0 = 180 deg. The *-0-r cylindrical coordinate system was aligned
with the cylinder centerline with x = 0 located at the leading edge
of the offset flare. The model was chosen because the resulting
shock system was found to be steady by comparison of numerous
spark schlieren photographs. Table 1 presents the tunnel operating
conditions.

Pressure Measurement
The pressure acquisition system was similar to that of Olsen and

Seegmiller6 but with adaptations to enhance accuracy for supersonic
work. Surface pressures were measured through pressure taps on the
cylinder and on the three-dimensional flare by an electronic scan-
ning pressure system. The differential pressure transducers were
referenced to the upstream static pressure, which was sensed by a
1000 Torr absolute Barocel. Each transducer was calibrated prior to
every run. The total pressure was sensed by a 100-psi differential
Barocel referenced to atmosphere. The cylinder^possessed four rows
of pressure taps along azimuths spaced 90 deg apart. The flare con-
tained 13 rows of 22 pressure taps every 15 deg so as to document
one region of symmetry (0 = 0-180 deg).

Skin-Friction Measurement
Theory

Tanner and Blows7 introduced the LISF technique. In addition to
subsequent work done by Tanner and his associates, other signifi-
cant studies involving the LISF technique have been performed at
NASA Ames Research Center,8'9 Pennsylvania State University,10

and California Institute of Technology.11 The LISF technique is non-
intrusive and quasidirect in determining the wall shear stress. Since
its inception, the LISF technique has been applied to increasingly
complex flows. It is in complex flows, such as SW/BLI, that the
advantages of the LISF technique are realized because it is capable
of performing accurate skin-friction measurements in flows char-
acterized by large pressure and shear-stress gradients. Reference 1
includes a review of the LISF technique and further information
pertaining to this study.

The LISF technique requires a thin oil film on the test surface. The
oil film thickness decreases with time due to the wall shear stress
of the air flow. To measure the time-dependent thickness of this oil
film, a laser beam is directed toward the oil. A portion of the laser
beam is reflected from the air-oil interface and another portion is
reflected from the oil-model interface. The light reflected from these
two interfaces is imaged onto a photocell using collecting lenses.
The path length of the light reflected from these two interfaces from
the laser to the photocell differs according to the oil film thickness.
As the oil film thins, a time sequence of interference fringes occurs
at the photocell due to this varying path length difference. The time-
varying voltage output of the photocell is referred to as the fringe
record and consists of a series of peaks and valleys related to the
time-varying oil thickness.

An oil film subjected to a constant shear stress will assume a
wedge shape. The basic hydrodynamic LISF equation7 for this
case is

r = p0v0x/ht (1)

From refraction theory, the oil film thickness can be determined
from the equation

h = NX/2n0cos9t (2)

Combining Eqs. (1) and (2), the expression for the wall shear stress
becomes

r = 2n0p0v0xcos0t/Nkt (3)

Under three-dimensional flow conditions, the skin-friction compo-
nent in a particular direction is measured by applying the oil on the
model surface so that the oil leading edge forms a line that is normal
to the desired measurement direction.

Apparatus
A schematic of the LISF instrument is shown in Fig. 2. The

transmitting side of the instrument included a 5.0-mW, 0.6328-ji6m
wavelength helium-neon laser. A spatial filter and lens assembly ex-
panded the beam and allowed adjustment of the beam focus location.
By positioning an interferometric flat at 45 deg to the incident beam,
the reflection from the front and back of the flat provided two beams
of the same intensity with a 5-mm spacing. A mirror assembly di-
rected the two beams toward the model at a near-normal incidence
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Fig. 3 LISF signal from plastic surface over MonoKote.

angle. Even though two beams were available, the single-beam ap-
proach was predominately used to perform the LISF measurements
because of the relatively small scale of the interaction under study.

The receiving side of the instrument included lenses to focus the
reflected light from the two measurement spots onto different sides
of a reflective-coated prism. The prism directed the beams into two
separate photodiodes. The signals were amplified, low-pass filtered,
and digitized. The laser and optics were mounted on an optical table
positioned by stepper motors. Dow Corning 200 silicone oils were
used with three different viscosities: 200, 500, and 1000 cs.

The properties of the model surface on which LISF measure-
ments are performed are important. The surface should be smooth
and free of imperfections and scratches. Furthermore, the inten-
sity of the beam reflected from the oil-model interface should be
comparable to the intensity of the beam reflected from the air-oil
interface to maximize signal visibility. An alternative to polishing
the test surface was sought. First, a layer of MonoKote was ap-
plied to the surface. Then a clear plastic12 with adhesive backing
was placed over the MonoKote. The clear plastic provided a smooth
surface and also the intensity of the oil-plastic interface reflection
was comparable to the intensity of the air-oil interface reflection.
The resulting signal visibility was typically 60% (Fig. 3). The or-
dinate zero level in the plot is the actual zero voltage level. The
MonoKote covered the model surface and absorbed the unreflected
portion of the incident beam. The MonoKote also minimized inter-
ference from the pressure taps on the LISF measurements.

Since the oil viscosity was temperature sensitive, an accurate mea-
sure of surface temperature was crucial for the LISF technique. The
oil was typically only several laser wavelengths thick so the oil was
assumed to be at the surface temperature. The flare was fabricated
with an internal-lead surface thermocouple located at x = 12.5 cm
along <j> — 90 deg. Extensive effort was put forth to verify the accu-
racy of this thermocouple. One consideration was the possible effect
of the plastic between the model and the oil. The effect, however,
was negligible because the temperature difference across the plas-
tic was estimated to be only 0.6 K. To confirm the reading of the
single internal-lead thermocouple, additional commercial thermo-
couples were temporarily mounted on the model surface at several
locations. These temporary thermocouples confirmed the internal-
lead thermocouple was accurate to within 4 K. These temporary
thermocouples were then removed to avoid flow interference. With
only the one internal thermocouple then available, the temperature
of the entire model was assumed to equal the reading from this ther-
mocouple. In light of this assumption and the inherent difficulty in
measuring the surface temperature, the oil viscosity term was the
largest source of uncertainty in the skin-friction results.

Data Reduction
The pertinent quantity to be determined from the LISF fringe

record is the product of the fringe number and oil-flow time (Nt).
The following analysis was suggested by Bouslog13 to accurately
determine a value for the fringe-time product from LISF data.
Equation (3) can be rearranged to obtain

1
N 2n0p0v0xcos0t

t = (4)

jT 10

.a

^ 0

2 -
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Incremental Time tj [s]

Fig. 4 Curve fit of incremental fringe number vs time.

where C\ may be assumed constant due to the steady shear stress
and oil temperature as given by

2n0p0v0xcos0t
(5)

A reference fringe extremum (peak or valley) can be arbitrarily
selected from the experimentally obtained fringe record. A reference
fringe number N0 and oil-flow time t0 can be symbolically assigned
to this reference fringe extremum even though the actual physically
related values for N0 and t0 are unknown. The motivation is to
accomplish an origin shift (of unknown magnitude "N0 and t0) from
the unknown physical origin for N and t to a new origin located at
the reference fringe since the observed incremental fringe number
kt and the observed incremental oil-flow time f/ of the data are
known relative to this reference fringe. This origin shift furthermore
accounts for tunnel startup transients, etc. since a virtual origin for
the steady-state data becomes implicitly defined. Note that Eq. (4)
yields the relationship between N0 and t0

i/N0 = (6)

Proceeding through the rest of the fringe record, each successive
extremum may be assigned an incremental fringe number &/ that is
incremented by one-half for each extremum. Also determined for
each fringe extremum is the time since the reference fringe f,- which
is the observed incremental oil-flow time. Naturally, for the refer-
ence fringe kj = 0 and f, = 0. Note that for each extremum there
exists a simple coordinate transformation between the physically
related (N, t) and the observed (hi, f/) given by

= N0-ki9 (7)

Equation (4) in terms of the observed quantities (&/, f,-) becomes

1
(8)

Recalling Eq. (6) and defining C2 = t0/N0, and C3 = l/N09 Eq. 8
becomes

= tt/(C2 (9)

The values for the incremental fringe number and time, hi and f/,
in Eq. (9) are obtained from the LISF fringe record once a reference
fringe is chosen and plotted (Fig. 4). Note the data point for the
reference fringe is located at the plot origin. Also, the time at which
the flow began need not be known for this analysis. The two unknown
constants €2 and €3 are determined by performing an iterative least-
squares curve fit procedure1'14 of Eq. (9) to the incremental fringe
number vs time data as shown in Fig. 4. The constant C\ can next
be determined from

= C2
3/C2 (10)

Rearranging Eq. (5), the local wall shear stress can be calculated
from

T = 2n0p0v0xcos0tCi/X (11)
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Finally, the shear stress can be nondimensionalized by freestream
conditions using

In the preceding derivation, the surface temperature was assumed
steady. This assumption was not valid for this supersonic test. The
time variation of the surface (and oil) temperature was accounted for
by using a corrected time based on the temperature variation.1 Also,
pressure and shear-stress gradients can affect the oil film shape and
thus affect the LISF measurements. These effects are minimized due
to the oil film being typically only several wavelengths of light thick.
Using the analysis of Monson et al.,8 pressure-gradient and shear-
stress-gradient corrections to the measured shear-stress values for
each LISF measurement were determined. These corrections were
found to be negligible and thus were not incorporated.

Results and Discussion
Surface Flow Visualization

Surface oil-flow visualization revealed many details of the surface
topology. The surface oil flows primarily employed oil dots placed
by a small brush on the model prior to a tunnel run. The oil mixture
consisted of titanium dioxide powder mixed into vacuum pump oil
to obtain the desired viscosity. A small amount of oleic acid is first
added to the vacuum pump oil to prevent coagulation of the powder.
The locations of the nodes and saddles discussed subsequently were
measured to within 2 mm and are tabulated in Ref. 1.

Figures 5 and 6 are two views of the model after one run. Figure 7
shows an oil pattern after another run and provides more detail in the
region near the 0 = 180 deg symmetry line. The flow in these figures

Fig. 5 Oil flow visualization, view from 0 w 45 deg.

Fig. 7 Oil flow visualization, view from 0 « 165 deg.

Cylinder-Flare
Junction

Fig. 6 Oil flow visualization, view from 0 « 90 deg.

Fig. 8 Unwrapped postulated skin-friction pattern.

was from left to right. The postulated skin-friction pattern is shown
in Fig. 8. There were a total of seven nodes and five saddles which
satisfied the topological law15 that for a closed three-dimensional
surface, the number of nodes must exceed the number of saddles by
two (7 nodes-5 saddles = 2). Although not shown, there was a node
of attachment (N6) at the upstream tip of the cylinder and a node of
separation (A/7) at the rear of the cylinder.

Referring to Figs. 5-8, a saddle of separation (SI) and a node of
attachment (Nl) were formed along 0 = 0. The separation lines
that emanated from the saddles of separation along 0 = 0 (51)
and 0 = 180 deg (54) terminated into different foci of separation
(N3 and N2). Another saddle of separation (52) was located be-
tween these two foci. A saddle of attachment (55) was formed at
the intersection of the attachment line and 0 = 180 deg and was
directly connected to the saddle of separation 54. This type of con-
nection had been thought to be unstable. It is possible that the oil
flow resolution was not adequate to distinguish other singular points
in the vicinity of saddle 55. Yet Chapman16 considered saddle-
to-saddle connections possible under conditions of strong symme-
try. Other references17'18 also feature such connections. Thus, the
present saddle-to-saddle connection along 0 = 180 deg is plausible
as a consequence of flow symmetry.

Based on the surface oil flows, schlieren, and laser light sheet vi-
sualization techniques, a postulated flow structure was developed.
The flow structure along 0 = 0 deg consisted of separation, which
spiraled into a vortex, followed by attachment on the flare. The vor-
tex continued along the model on both sides of symmetry. Near
0 = 180 deg, the postulated flow structure included two main vor-
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tices which left the surface at the two largest foci of separation (A/3
and N5) and remained embedded within the boundary layer on the
flare.

An important consideration in separated SW/BLI studies is
whether the shock system is steady or undergoes rapid oscilla-
tions in position and pressure level. Large-scale shock unsteadi-
ness may greatly increase levels of measured Reynolds stresses,
thereby complicating turbulence modeling of such flows, see Brown
et al.2 If the shock system is curved as in the present case, a com-
parison of spark schlieren photographs taken at different times
will clearly reveal changes in instantaneous shock position, see
the unsteady three-dimensional SW/BLI study of Kussoy et al.3
For the present study, the shock system was thus verified to be
steady.

Surface Pressure
The surface pressure data presented here were acquired with the

model rotated so that the desired azimuths were aligned with the

0.025

0.000

Fig. 9 Surface pressure distributions.

•e. 90° -

Singular points
Flare/cylinder junction

•Q- Separation from oil flows
Attachment from oil flows

135° -

180'

Fig. 10 Surface-pressure contour plot based on P/Pf

top of the cylinder. The accuracy of the pressure measurements
is estimated1'6 based on repeatability and uncertainty analysis to
be within 1% of P/Pt. The pressure distributions along individ-
ual azimuths are shown in Fig. 9. A contour plot of the pressure
data is shown in Fig. 10. The contours reveal the steep streamwise
pressure gradient along 0 = 0. There is also a steep streamwise
pressure gradient in the region between 0 = 150 and 180 deg,
which occurs on the cylinder in the vicinity of separation. The sig-
nificant transverse pressure gradient is apparent in the plot between
4> = 15 and 150 deg. The direction of the maximum pressure gra-
dient appears to be roughly normal to the cylinder-flare junction.
The maximum pressure gradient in the highly swept-flow region
from 0 = 30 to 105 deg appears to occur in the vicinity of reat-
tachment. The plateau regions visible in the individual distributions
are evident in the contour plot downstream of the initial pressure
rise and upstream of the cylinder-flare junction from 0 = 30 to
180 deg. The wavy contour line in the region near the cylinder-
flare junction is due to the disparity of the amount of data taken
in the transverse direction as compared to the streamwise direc-
tion and is an artifact of the contour calculation. The contour plot
is overlaid with the interpretation from the oil-flow visualization
results. The scale of Fig. 10 was chosen to allow the overlay of
Fig. 8. Note that the singular points identified from the oil-flow
visualization do not leave an obvious footprint in the pressure
contours.

Skin Friction
In contrast to the pressure measurements (for reasons of optical

access), the skin-friction data were acquired with the model rotated
so that the desired azimuths were aligned with the side of the cylin-
der. A limited number of supplementary pressure measurements
(not shown in Fig. 9 but available in Ref. 1) were obtained for these
model rotations so as to verify that the flow with the model aligned
with the side of the cylinder was not significantly different than
when the model was aligned with the top of the cylinder.

The accuracy of the skin friction measurements based on repeata-
bility and a detailed uncertainty analysis1 is estimated to be within
±8%. The largest source of uncertainty in the skin friction uncer-
tainty analysis is the oil viscosity term due to the difficulty in de-
termining the surface temperature. Another estimate of skin friction
measurement accuracy based on comparison with other measure-
ment techniques is given in the next section but is consistent with
this estimate.

Measurements in Undisturbed Boundary Layer
To further assess the accuracy of the LISF measurements, a

comparison was made with results from other techniques in the
undisturbed boundary layer upstream of the interaction. There are
instruments that accurately measure the skin friction in boundary
layers free of pressure- and shear-stress-gradient effects. However,
such instruments were not available for this study. Thus, other
standards for comparison were pursued. One standard employed
a similarity technique to deduce the skin friction from experimental
mean-velocity profiles. The velocity profiles were acquired with a
laser Doppler velocimeter. The analysis of Sun and Childs19 was
applied to the experimental velocity profiles by curve fitting their
wall-wake correlation to the data. The mean of the deduced skin-
friction results was C/x = 0.00144(±2%). A second standard was
the Van Driest (II) theory20 which predicted a skin-friction coeffi-
cient of Cfx = 0.00156. The mean skin-friction coefficient from
the LISF measurements was Cfx = 0.00149(±5%) which was 3%
higher than the deduced value from the velocity profile and 5%
lower than the value predicted by the Van Driest (II) theory. Since
the LISF result was between the two selected standards, confidence
existed that the LISF result in the undisturbed boundary layer was
indeed accurate to the ±8% cited earlier.

Measurements Along 0 = 0
As the boundary layer initially encountered the streamwise pres-

sure gradient, the mean flow near the wall was retarded decreasing
the skin friction (Fig. 11). Extrapolation of the skin-friction data
upstream of separation to the zero skin-friction level indicated that
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Fig. 11 Streamwise LISF measurements along 0 = 0.
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Fig. 12 Streamwise LISF measurements along 0 = 90 deg.
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separation occurred at xs — —0.27 cm. This extrapolated location
was comparable to the separation location from the surface oil flow
visualization which was estimated to be at xs = —0.30 cm. Contin-
uing along this line of symmetry, it is expected that the skin friction
would be negative in the separated region since the oil flow visualiza-
tions revealed that the flow direction was opposite to the freestream
direction. However, the distance between the separation line and
cylinder-flare junction along 0 = 0 was too small to perform a
measurement. Dashed lines in Fig. 11 indicate the expected distri-
bution just upstream of separation and downstream of attachment.

At the first measurement location downstream of attachment,
the skin friction increased from the anticipated negative values in
the separated region to a level comparable to the undisturbed value.
We argue the basis for this high skin-friction level for the reattach-
ing 0 = 0 boundary layer is that the inner portion of the initial
boundary layer becomes entrained in the separation vortex where
this fluid then flows down either one or the other side. Note that
in contrast to a closed two-dimensional separation bubble, three-
dimensional separation can entrain fluid. As the flow proceeds over
the separated region for 0 = 0, the innermost low-momentum fluid
of the boundary layer may be entrained into the three-dimensional
separation vortex. Thus, the flow that reattached for 0 = 0 may
consist of only the outer, more energetic fluid of the original bound-
ary layer, which would then impose a steep velocity gradient at the
surface, and thereby lead to a high skin-friction level. It is hoped that
flowfield measurements to be reported and Navier-Stokes solutions
will provide insight into the interesting role flow topology plays in
this and other aspects of this complex three-dimensional interaction.

Although the pressure plateau was reached by x = 2.35 cm, the
skin friction continued to increase past that location and eventually
reached a skin-friction plateau near x = 5.17 cm. The skin-friction
coefficient along 0 = 0 increased to a value 2.25 times the undis-
turbed upstream boundary-layer value (a 125% increase). Thus, one
effect of the interaction was a doubling of the local skin friction
along this azimuth. The 0 = 0 pressure measurements (not shown,
see Ref. 1) for this model rotation (0 = 0 of the model aligned with
the side of the cylinder) did indicate an extraneous Mach wave that
probably originated from the tunnel wall and impinged near the aft
end of the flare ramp. As a consequence, the skin-friction measure-
ments in this vicinity also exhibited an anomalous spike and are not
shown.

Measurements Along 0 = 90 deg
The flow along 0 = 90 deg was not only affected by the

streamwise pressure gradient but also by the transverse pressure
gradient. After an initial drop, the streamwise skin friction leveled
out just prior to separation and maintained a slightly decreasing trend
to a location just inside the three-dimensional separation (Fig. 12).
Three-dimensional separation does not imply that the streamwise
skin friction should be negative. Note that for the streamwise data
along 0 = 90 deg, the skin friction remained positive even in the

skewed separated region. The oil flow visualizations indicated that
the separation line was at xs = 2.50 cm at which point the estimated
streamwise skin friction was Cfx — 0.00080.

Toward the middle of the separated region along 0 = 90 deg,
the skin-friction distribution reached a minimum at x = 3.85 cm.
Between x = 3.75 and 4.00 cm, the pressure was nearly constant,
increasing by only 0.4%. The one measurement within the separated
region on the flare indicated a sharp increase in skin friction. The
streamwise skin friction was higher in the vicinity of attachment
than it was near separation. Attachment was located on the flare at
xa = 5.25 cm as indicated by oil flow visualizations. The streamwise
skin friction began to level off near x = 10.0 cm, which was slightly
downstream from the plateau in the pressure distribution. The peak
value for the streamwise skin-friction coefficient along 0 = 90 deg
was Cfx = 0.00220 and was an increase of 48% over the undisturbed
level.

The values for the transverse component of skin friction (Fig. 12)
were resolved from the streamwise LISF measurements and the
flow-angle data from oil flow visualization. As a result of the trans-
verse pressure gradient, the flow in the upstream influence region
along 0 = 90 deg turns away from the freestream direction. The
transverse skin-friction coefficient increased from zero in the undis-
turbed boundary layer to a value of Cfz = 0.00068 at x = 2.25 cm.
The transverse skin-friction coefficient reached a relative maximum
at x = 3.00 cm, 0.50 cm downstream of separation. The transverse
skin friction reached another maximum just upstream of attachment.
Downstream of attachment, the transverse skin-friction decreases
asymptotically toward zero as the flow up the ramp turns back to-
ward the streamwise direction. Direct LISF measurements of the
transverse skin friction were also performed at six locations up-
stream and within the separated region. These direct measurements
of the transverse skin friction agreed with the resolved values to
within 5%. The maximum flow-turning angle with respect to the
freestream direction was determined from the oil flow visualization
to be 50 deg at x = 3.85 cm.

Measurements Along 0 = 180 deg
The initial effect of the interaction along 0 = 180 deg was a de-

crease in the streamwise skin friction just upstream of x = 4.5 cm.
Within the separated region, the flow direction along 0 = 180 deg
was opposite to the freestream direction. Skin-friction measure-
ments were performed at five locations within the separated re-
gion as indicated by the negative values of skin friction in Fig. 13.
Four of these measurement locations were on the cylinder and one
was on the flare. Within the separated region, the largest abso-
lute magnitude measurement was \CfX\ = 0.00043, which was
29% of the undisturbed upstream boundary-layer value. These
measurements within the separated region are of particular impor-
tance due to the scarcity of accurate skin-friction data in separated
flows.
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Fig. 13 Streamwise LISF measurements along 0 = 180 deg.

Interpolation between skin-friction measurements in the vicinity
of separation gave a separation location of xs = 5.20 cm. The pres-
sure measurements gave indications of separation atxs =5.25 cm
whereas the oil flow visualization indicated separation was at
xs = 5.00 cm. Interpolation of the skin-friction data near attachment
indicated the attachment location to be at xa =7.8 cm which coin-
cided with the attachment location as determined from oil flow vi-
sualization. The pressure distribution reached a peak plateau at x =
9.25 cm. The maximum skin-friction coefficient of Cfx = 0.00203
was reached at the most downstream measurement location on the
ramp, but the skin friction appeared to still be increasing. This value
was 41% larger than the undisturbed level. The peak level along
0 = 180 deg was lower than the peak level along 0 = 0 probably
due to a thicker boundary layer along 0 = 180 deg.

Concluding Remarks
An experimental study was conducted on a three-dimensional

SW/BLI. The flowfield included a steady shock system and three-
dimensional separation with significant crossflow. Surface oil flow
visualization was successful in revealing many details of the surface
flow topology. A postulated flowfield included two vortices that left
the surface near 0 = 180 deg and remained embedded in the bound-
ary layer. The pressure documentation was extensive and yielded a
contour map of the entire three-dimensional interaction.

The application of the laser interferometric skin friction tech-
nique to the flow was significant in many respects. The technique
was used to acquire skin-friction data in a complex, compressible
flow that included highly swept and separated regions. The LISF in-
strument yielded a mean skin-friction coefficient of Cfx = 0.00149
in the upstream, undisturbed boundary layer. The close agreement
with two other standards provided assurance of the accuracy of
the LISF measurements. The largest source of uncertainty in the
LISF results was the measurement of the surface temperature. The
skin-friction measurements along 0 = 0 downstream of attachment
demonstrated an increase of 125% over the upstream value. This
increase was greater than along 0 = 90 and 180 deg. Documen-
tation of the three-dimensional flow along 0 = 90 deg included
LISF measurements in the stream wise direction. Transverse skin-
friction values were resolved from Streamwise LISF measurements
and flow-angle data. The resolved data were in close agreement with
a limited number of LISF measurements in the transverse direction.
Within the separated region along 0 = 180 deg, where the flow was
opposite to the freestream direction, the maximum absolute value
of the skin friction reached a value that was 29% of the undisturbed
skin-friction level.

Frequently, only pressure measurements are available from
SW/BLI experiments to validate computations. Skin-friction mea-
surements, however, offer a more challenging test for computations
since skin friction is a better indication of how the turbulent stresses
are modeled. Thus, the present skin-friction measurements consid-
erably enhance the value of this study as a building-block exper-
iment for three-dimensional turbulence modeling and CFD code
validation.
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