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Skin-Friction and Heat Flux Measurements
in Shock/Boundary-Layer Interaction Flows

Erich Schiilein*
DLR, German Aerospace Center, 37073 Goéttingen, Germany

Modern nonintrusive techniques are used to make skin-friction and heat transfer measurements in two shock-
wave/turbulent boundary-layer interactions (SWTBLIs). The two-dimensional SWTBLI is generated by impinge-
ment of an incident oblique shock wave on a flat-plate boundary layer. The three-dimensional SWTBLI results
from the interaction of the swept shock generated by a fin with a flat-plate boundary layer. The measurements are
made using the global interferometry skin-friction technique for the skin friction and the quantitative infrared
thermography technique for the heat transfer rate. The results show that, for the two- and three-dimensional
interactions, there is a clear difference in the behavior of skin friction and heat transfer as the strength of the shock
is changed. This observation suggests that the analogy between momentum and heat transfer, which is the basis of
many simplified physical models, is not valid in SWTBLIs. These new data supplement the previous measurements
that include boundary-layer properties, surface pressure distributions, and patterns of the limiting streamlines.
Taken together, these data complete a data set that is suited for computational fluid dynamics validation.

Nomenclature

A = amplitude of shock oscillations (computational
fluid dynamics)

cyr = skin-friction coefficient based on incoming
freestream conditions

Cm = specific heat capacity of model material

Cp = specific heat capacity of air at constant pressure

d, = model wall thickness

h oil film thickness or heat transfer coefficient

M, m Mach number and mass flux

n = horizontal width, normal to limiting streamline
(oil flow)

Py, p = stagnation and static pressure

q.q = dynamic pressure and heat flux rate

R, R, R, = reattachment line, primary and secondary
reattachment lines

Re; = unit Reynolds number

S,S51,8 = separation line, primary and secondary separation
lines

St = Stanton number

s = coordinate following limiting streamline

Tir, Tx = temperature measured by infrared (IR) camera
and background temperature

To, T = stagnation and static temperature

time, lower and upper time limit (heat flux
measurement technique)

?, tmin, Imax

U, Uy = local flow velocity and averaged oil velocity

Ul = upstream influence line

X, ¥,z = Cartesian coordinates

Xos Yo, 2, = Cartesian coordinates with origin at model’s
leading edge

B = integral parameter in Eq. (7) and deflection angle

of shock generator
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8,8%,0 thickness, displacement thickness, and momentum
thickness of boundary layer

emissivity of model surface

optical wavelength and thermal conductivity of
model material

dynamic viscosity

inviscid shock strength

flow density and density of model material
Stefan—Boltzmann constant

shear stress

Subscripts and Superscripts

A = condition at cross-section A (Fig. 2a)
aw = adiabatic wall condition
e = condition outside boundary layer
m = model material condition
oil = oil condition
w = wall condition
0 = stagnation condition
0,1,2 = condition at different times
1,2 = condition along primary (1) or secondary (2)
separation or reattachment lines
oo = freestream condition
Introduction
HE shock-wave/turbulent boundary-layer interactions

(SWTBLISs) still belong to the fundamental problems of mod-
ern aerothermodynamics and high-speed fluid dynamics."? The im-
portance of these phenomena stems not only from applied problems,
such as the efficient design of control surfaces, high-speed inlets, or
thermal protection systems, demanding safe prediction of surface
heat and pressure loads, but also from purely fundamental interest
in flows, which contain key problems of modern fluid dynamics:
compressibility, turbulence, and viscous—inviscid interaction.

All modern numerical simulation methods, for example,
Reynolds-averaged Navier—Stokes, direct numerical simulation, and
large-eddy simulation, have difficulty in accurately prediction of
flow properties in SWTBLI regions. The computed results show
acceptable agreement with experimental data for the prediction of
surface streamline pattern and pressure distributions, but signifi-
cant disagreement, particularly in cases of strong shock-wave in-
teractions, for skin friction and heat transfer data.! Therefore, in
detailed experimental investigations of SWTBLIs, reliable skin-
friction and heat flux measurements are especially valuable for



SCHULEIN 1733

the validation of modern computational fluid dynamics (CFD)
methods.

The inadequate knowledge about the true nature of the fluid dy-
namic phenomena plays a crucial role in flows with strong pres-
sure gradients. The complex interaction of the momentum and heat
transfer processes is understood (and can, therefore, be predicted)
only for equilibrium flows. This also affects the quality of some
indirect wall shear stress measurement techniques because the ex-
isting simplified physical models, applied for the calculation of the
skin friction from the measured heat flux, are valid only for equi-
librium or precalibrated flows. Therefore, the application of these
models for flows with strong pressure gradients can lead to incor-
rect interpretations.® Direct and independent measurements of both
heat transfer and skin friction in a variety of shock/boundary-layer
interaction flows are necessary to improve the existing knowledge.

This paper presents results of experimental investigations of two
CFD validation cases for SWTBLIs using modern nonintrusive
methods for the measurement of skin friction and heat flux: two-
dimensional oblique shock impingement on a flat plate and three-
dimensional swept-shock interaction in the vicinity of a single-fin
configuration. Both flows are relevant to supersonic inlet flows,
where knowledge of the surface parameters in the interaction zone
with high peaks in pressure, skin friction, and heat flux rates is at
least as important as the downstream development of the flowfield
parameters.

The incident shock wave interacting with the flat-plate turbu-
lent boundary layer is a standard CFD validation case for two-
dimensional SWTBLI (Refs. 1 and 4). It represents a simple test con-
figuration for the validation of turbulence models and computational
methods in predicting flow separation and recovery phenomena.>~’
Because of technical problems with the realization of the two di-
mensionality of the flow in wind tunnels, only a few complete in-
vestigations exist that are considered suitable as CFD test cases. A
detailed and recent review of several significant studies can be found
in Ref. 1.

Three-dimensional interactions, which are more relevant for real
applications, especially the swept- and crossing-shock interactions,
have been studied to a great extent. Nevertheless, a recent review
of the most significant experimental studies of three-dimensional
SWTBLI (Ref. 1) has shown that too few validation data are avail-
able for three-dimensional interactions, especially with respect to
complete experimental data sets of the most important flowfield and
surface parameters. Moreover, there are still significant differences
observed, for example, between the calculated and the experimental
distribution of the skin-friction and the heat transfer coefficient in
the interaction region.

The standard CFD validation case for a swept SWTBLI flow is
the three-dimensional single-fin/flat-plate configuration.!>®° The
general property of the interaction flow is its quasi-conical nature.
The structure of the swept SWTBLI footprint for fully developed
separation flow, given in numerous papers, for example, Refs. 2, 8,
and 10-12, is shown in Fig. 1. The designations in Fig. 1 are the up-
stream influence line (UI), primary and secondary convergence (or
separation) lines S; and S,, primary and secondary divergence (or
reattachment) lines R| and R,, the inviscid swept shock Shock, and
the fin angle 8. The virtual origin of the conical flow lies upstream of
the fin’s leading edge.>!* The structure of the flow depends most of
all on the intensity of the swept shock. If the shock is strong enough,

Virtual origin

Fig. 1 Footprint of quasi-
conical interaction flow.

the flow separates from the surface and a quasi-conical vortex de-
velops at the foot of the main swept shock.!® The flow structure
changes with increasing shock-wave intensity. Once a certain shock
strength has been reached, a secondary separation appears in the
flow underneath the main separation vortex. The limiting stream-
line pattern in Fig. 1 is typical for a very strong shock wave with
fully developed flow structure. The existing descriptions of the flow
topology comprise at least six different regimes in the development
of the structure.'? Details can also be found in the recent review in
Ref. 1.

The quasi-conical symmetry of the flow regarding the shock-wave
structure, the surface pressure distribution, and the limiting stream-
line pattern is undisputed. However, it can generally not be expected
that surface parameters, which are sensitive to the boundary-layer
state, like skin friction and heat flux rate, will also remain constant
along conical rays. To the author’s knowledge, up to now this topic
has not been explicitly addressed.

Recently, the first pointwise skin-friction measurements® in three-
dimensional swept SWTBLI flows at Mach numbers M, =3 and 4
have shown, for example, that with increasing interaction strength,
the relative peak of the skin-friction coefficient ¢ peax/c r1 near the
primary reattachment line R; grows progressively much faster than
the shock strength itself. To answer the open questions about the
development of skin friction at higher Mach numbers and shock
strengths, as well as the behavior of the heat transfer peaks, is one
of the objectives of this paper.

The goal of the present work is to enhance the existing data for sev-
eral shock-wave/boundary-layer interaction cases by independently
measuring heat transfer and skin friction, as well as to investigate
the relations between momentum and heat transfer in interacting
turbulent flows. The common analysis of the experimental surface
pressure, heat transfer, and skin-friction distributions in each of these
test cases should enhance the basic understanding of such flows.

Wind Tunnel and Flow Conditions

The present investigations were conducted in the DLR Gottingen
Ludwieg Tube facility (RWG),"? which covers a Mach num-
ber range of 3 <M, <7 and a unit Reynolds number range of
5x 10°> Rejo, > 60 x 10° m~!. Figure 2 shows the general ar-
rangement of the wind tunnel; the main features and flow conditions
for the two test tubes A and B are summarized in Table 1. A unique
feature of the RWG is the use of a long tube as a pressure reser-
voir. The tube is closed at one end and has a gate valve attached
to the other end; downstream of this are a supersonic nozzle, the
test section, and the dump tank. After opening the gate valve, the
flow is started by an expansion wave that travels to the closed end
of the tube; the expansion wave is reflected at the closed end and
travels back downstream. As long as the expansion wave does not
return to the nozzle throat, the test gas flows, at constant stagna-
tion conditions, through the nozzle and test section into the dump
tank. The tube length of 80 m results in a run time of about 0.3 s.
The test section for the Mach numbers M., =34 (tube A) has a
cross section of 0.5 x 0.5 m?, whereas for the high Mach numbers
(tube B) the circular section has a diameter of 0.5 m. The low costs
of operation, a relatively large test section, and good optical access
make this facility well suited for optical experimental methods such
as the oil-film interferometry technique.

The nominal freestream conditions in the test section for the
present investigations are Mach number M., =5, total temperature
Ty =410 K, and total pressure Py =2.12 MPa (which correspond to
a unit Reynolds number of about Re;,, =37 x 10%/m). The run-to-
run variations in the local freestream Mach number M, and velocity
U, are less than 0.5% and within 2% for the static temperature 7.
The wall temperature of the test model during the run is mostly
300 £ 5 K, with exception of the heat flux measurement tests. The
special model inserts used in these tests, which are fabricated from
a material with a low thermal conductivity, show a noticeable adia-
batic heating.
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Fig. 2 Super- and hypersonic RWG.

Table1 RWG main features and flow conditions

Performance Tube A Tube B
Maximum stagnation pressure, bar 15 40
Maximum stagnation temperature, °C 20 400
Mach number 2.79-4.65 5.0-6.9
Unit Reynolds number, 10% m~! 5-60 5-50
Run time, s 0.4 0.3

Test section 0.5 x 0.5 m? ¢ 0.5m

Measurement Techniques and Instrumentation

Optical Skin-Friction Measurements

The difficulties of direct shear stress measurements in interact-
ing flows or in flows with thin boundary layers are well known.>!#
They are mainly related to the intrusiveness of the measuring device
and the corresponding flow disturbance. The oil-film interferometry
technique overcomes many of these limitations because it provides
nonintrusive measurements. The technique is based on the relation-
ship between the local surface shear and the thinning of an oil film,
placed on the test surface and exposed to the flow (Fig. 3a). The rate
of thinning of the oil film is determined from the optical interfer-
ence that is created when an incident light beam is partially reflected
off of the oil and test surfaces (Fig. 3b). This technique, originally
used in low-speed flows,' has been extensively modified in recent
years for use in high-speed three-dimensional flows and is com-
monly referred to as the global interferometry skin-friction (GISF)
technique. Modern GISF methods for three-dimensional gradient
flows can be divided into two categories: 1) one-image methods,
which require only one interferogram and knowledge of the total
run time ¢ for the calculation of the skin friction, and 2) two-image
methods, where at least two images and the corresponding time in-
terval At have to be obtained during the run. A recent review of
different GISF approaches can be found in Ref. 14. Generally, the
one-image methods are simpler, but the precise requirement of the
total run time can lead to measurement errors, especially in short-
duration wind tunnels. Because both one- and two-image methods
are based on the same general thin-oil-film equation,'* the different
relations that are used for the skin-friction calculation in each case
can be converted into each other, assuming equivalent run time and
a constant local wall shear stress over time.'® The performance of
the known GISF methods under the specific conditions of a short
duration wind tunnel has been analytically investigated using dif-
ferent two-dimensional and three-dimensional flows having given
shear-stress distributions. The analytical results show good agree-
ment with the specified distributions and confirm the reliability of
these methods.'® The choice of which method to use in a wind tun-
nel test is, however, often based on more practical constraints of the
wind-tunnel facility.

In the present work, the two-image method!”!® is used to deter-
mine skin friction. The local wall shear stress 7, at a given position is
determined from the measured evolution of the oil-film thickness %
over the time duration z. The oil viscosity w; and horizontal width
of the oil stream »n for each streamline coordinate s (Fig. 3a) are
known or measured quantities. This technique is based on a version
of the thin-oil-film equation that is generalized for two-dimensional
oil flow; the basic steps of this generalization are summarized here,

Flow
=y "
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Monochromatic Camera
IightsourceQ or Screen
==
Flow &K\ /‘ /‘ f
i
Oil film

Reflective model surface

Result frames
b)
Fig. 3 Principle of oil-film interferometry.

but more complete details can be found in Ref. 17. The mass flux of
the elementary oil stream across the cross section A at the distance
s 4 from the oil-film leading edge (Fig. 3a) can be determined either
from the oil velocity U4 averaged across the area A

ma = nahs poitUsita N

or, alternatively, from the diminution of the total amount of oil above
the area given by the length 54 and the width n

d [
MA = Poil — nhds ?2)
il
Because the flow in the thin oil film can be described as a Couette-
flow, that is, the viscous layer flow between two flat surfaces that
slide parallel to each other, the local oil velocity distribution is given
as' u(y) = t,,y/u and the average oil velocity Uy 4 for the layer of
thickness /% is then given as Ugya = 7,1/ (246y). Combining Egs. (1)
and (2) with this relation for U4 yields the equation for the wall
shear stress at the coordinate s, (Refs. 17 and 18),

_ 2pan d 4
o = n.h2 de
AltA 0

nhds 3)

The experimental setup used in the RWG is shown schematically
in Fig. 3b. The light source is a low-pressure sodium vapor lamp with
an opal diffusing element between the light source and the model
surface. To improve the reflection properties, a dark self-adhesive
polyethylene foil is attached to the model surface. Because of the
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very short test time in the facility, the interferograms are recorded as
a sequence of 8-bit gray-scale single images (1024 x 1024) during
a run using an ADIMEC® 12XP charge-coupled device camera at a
rate of 30 frames/s; the images are stored on a personal computer’s
hard disk. Because of the time required for the development of
the thin oil film on the test surface at the beginning of a run, only
from four to six frames can be used for the skin-friction calculation
using the GISF technique. The best results are obtained with the
WACKER® AK-10 silicon oil, which has a nominal viscosity of
10 mm?/s (=10 cSt) at 25°C. A similar liquid mixture of this oil
with TiO,-powder is used for the surface flow pattern visualization.
The movement of the particles in the mixture along the limiting
streamlines is recorded using the equipment just described and is
used to determine the direction of the limiting streamlines.

The measurement uncertainties of this GISF technique in the
short-duration facility RWG are, in general, larger than in conven-
tional blowdown wind tunnels. The largest uncertainty arises from
the needed to use oil with a very low viscosity because of the very
short run time. On the other hand, there are also positive aspects
of this short test time because the good thermal conductivity of the
steel model renders the temperature sensitivity of the oil viscos-
ity not a major issue. The model wall temperature is measured in
separate runs using an infrared (IR) camera, and these measured
data are used for the temperature correction of the viscosity. In gen-
eral, the repeatability error in the skin friction varies from +4% in
undisturbed boundary layers up to +10% at the highest wall shear-
stress levels near the reattachment lines. The uncertainty within a
single run for the analysis of the obtained skin-friction distributions
is substantially smaller.

For image acquisition, image processing, and skin-friction com-
putations, a software application developed in earlier works'®? is
used. More details about the GISF technique and its application
for measurements in short-duration facilities can also be found in
Ref. 21.

Heat Flux Measurements

Two different transient techniques are used for the heat transfer
measurements in the RWG: the thin-skin and the thick-wall tech-
niques.

The thin-skin technique can be applied if the wall temperature
normal to the model surface can be assumed uniform and the lateral
heat conduction in the wall can be neglected. These conditions are
attained if the thin-wall test model is manufactured from materials
such as copper, nickel, etc., that have a high thermal conductiv-
ity, and if the heat transfer between the flow and model wall starts
rapidly, such as in a short-duration wind tunnel. This heat transfer
measurement technique was the preferred method in earlier investi-
gations conducted in the RWG? and is used in the two-dimensional
SWTBLI studied in the present investigation. The local heat flux
rate g is directly calculated from the measured rise of the wall tem-
perature T,

: dT,
q = pmcmdm T (4)

for tnin <t < fymax- The most accurate way to determine the limiting
values #y;, and t, is from observation of the slope of the wall
temperature during the tunnel run because valid results are only
obtained when dT,,/dt is constant. For the thin-skin nickel model
used in the present investigations, which has material properties
of p,, =8900 kg/m?, ¢,, =458 Ws/(kgK), and a wall thickness of
d, =0.2 mm, t,,;, is of the order of 1 ms and #,,, is slightly less
than 130 ms.

The thick-wall technique is applied to a solid- or thick-walled
model that is fabricated from a material with low thermal conduc-
tivity A,,. The time history of the surface temperature is recorded
during the wind-tunnel run and is then used to determine the heat
transfer rate under the assumption of a semi-infinite wall thickness.
For a semi-infinite slab that is exposed rapidly to a constant heat
flux rate ¢ at time 7o, the solution of Fourier’s partial differential

equation is 22

. [T PmCAnm (T — To) )
q= 4(1‘ — t()) w w0

T, and T, are the current and initial surface temperatures. Because
the exact run time in short-duration facilities is mostly unknown, but
at least two values of the wall temperature T,,; and T, at different
times #; and 1, are available, in the present work Eq. (5) is rewritten
for constant heat transfer rates

. TTPmCmhm
q= W(TuQ — Ty1)(Tw1 + Ty — 2T y0) (6)
24

In the case where there is a significant surface temperature rise
compared to the adiabatic wall temperature 7,,,, the heat transfer
solutions for constant heat transfer rates are not applicable. In this
case, with variable heat flux rates, Eq. (5) is replaced by??

(T = Too)/ (T — Tuo) = 1 — ¢ erfc(B)

for ,3 = [q/(Tau) - Tw)] (t - t())/(lomcm)‘-m) (7)

In the present application, the surface temperature of the test
model insert, which is made from black Plexiglas®, is measured by
a high-speed IR camera system FLIR ThermaCAM® SC500. When
it is combined with a high-speed digital recording and temperature
analysis system, the IR camera offers high performance for appli-
cations in short-duration facilities. This real time IR camera system
allows the storage of a sequence of 14-bit single noninterlaced im-
ages (240 x 320) at rates up to 50 frames/s. The IR camera is based
on a focal-plane array that is sensitive in the spectral range from
7.5 to 13 um. The manufacturer’s quoted accuracy is of the order of
+2% (maximum £2°C) in the entire measurement range from —40
to 120°C (or from 0°C to 500°C), and the thermal resolution is of
the order of 0.07°C at 30°C.

Optical access to the test section in the RWG is provided through
a custom-built antireflection-coated germanium window. The entire
measurement setup is calibrated using a precision blackbody heat
emitter that is positioned in the test section; this yields the actual
transmission coefficients of the IR window. The surface emissivity
& of the model material is measured indirectly by assuming that
& =1 — (reflectivity). In this case, the relation between the actual
wall temperature 7, and the wall temperature that is measured by
the IR camera Tir at the background temperature Ty is given by the
Stefan—Boltzmann law as

oTg =¢eoTt4+ (1 —e)oT; (8)

The surface emissivity ¢ is obtained in pretest calibrations at known
temperatures 7, and different background temperatures Ty that are
realized by use of the precision blackbody heat emitter.

In the present application, the resulting image size for a typical
object placed at 0.3 m in the test section of the RWG is approxi-
mately 94 x 125 mm?. This corresponds to a spatial resolution on
the model surface of about 0.4 mm or to a pixel size of 0.16 mm?.
The high number of measurement points (76,800 pixels) and good
spatial resolution make this measurement technique superior to con-
ventional thermocouple-based techniques.

The experimental local heat flux rates ¢ obtained in the
present work are nondimensionalized with respect to freestream
conditions:

St = 4/pwaC[J(TO - Tw) (9)

Extensive tests in the RWG show that, for high heat flux rates
up to about 200 kW/m?, the quantitative IR thermography tech-
nique yields good results that compare well with the more widely
used thermocouple-based thin-skin technique. In the worst case, the
repeatability error is £5%. Thus, the temporal resolution and mea-
surement accuracy of the IR-camera system are sufficient for the
present experiments.
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Results and Discussion

Two-Dimensional Incident Shock/Turbulent Boundary-Layer
Interaction at Mach 5

The test model used for the investigations of the incident shock
wave interacting with the flat-plate turbulent boundary layer is
shown in Fig. 4. The flat plate, on which the boundary layer devel-
ops, has a sharp leading edge (thickness of approximately 0.1 mm)
and is 500 mm in length and 400 mm in width. The shock gen-
erator plate (300 mm in length and 400 mm in width), which can
be mounted with deflection angles 8 of 6, 10, and 14 deg, is posi-
tioned above the main plate so that the inviscid shock impingement
position is 350 mm from the leading edge of the lower plate. The
natural transition on the main plate, at the indicated freestream con-
ditions is at x, = 120 mm; thus, at the impingement position, the
boundary layer is turbulent and well developed. At x, =336 mm
the thickness of the boundary layer is § = 4.7 mm, the displacement

shock generator

Fig. 4 Test model.

thickness 6* = 1.9 mm, and the momentum thickness 6 =0.19 mm.
The incoming flow conditions as well as the main experimental data
are described in detail in Refs. 4 and 5.

The flow cases obtained with the three different shock generator
angles B result in different degrees of flow separation, including
the weak interaction case (6-deg generator angle) without separa-
tion, the medium interaction case (10 deg) with a small separation
zone, and the strongest (14-deg) interaction case with a significant
separation. The experimental data, shown in Fig. 5, include spark
shadowgrams and quantitative flowfield diagrams.* The numbered
arrows at the bottom of each flowfield diagram show the positions
of the measured pitot and static pressure surveys, which are used
for the determination of the boundary-layer properties. The position
of the flow separation S and reattachment R points for 8 =10 and
14 deg are marked by black arrows. The outer edge of the boundary
layer, as well as the positions of the shock waves and the contours of
expansion fans, is determined from resulting flowfield profiles and
shadowgrams. The relatively large dimensions of the model results
in a large region downstream of the shock/boundary-layer interac-
tion, within which the evolution of the disturbed boundary layer
may be investigated in the absence of additional pressure gradients
or noticeable three-dimensional effects.

The measured skin-friction and Stanton number distributions are
compared to the wall pressures for the § =10 and 14 deg cases in
Fig. 6. The flowfield diagrams (Fig. 5, right) and the wall pressure
distributions (Fig. 6a) show that the distance between the shock im-
pingement position and the incidence of the first characteristic of the
expansion fan, which emanates from the trailing edge of the shock
generator, decreases with increasing deflection angle; however, this
distance is always greater than 90 mm (>20 §;).

The surface distributions show that the extent of the separation
zone increases as the shock generator angle g is increased from 10
to 14 deg (Fig. 6). Negative skin-friction values in the interaction
region, measured with the GISF technique, indicate a region of flow
reversal even in the case of the small separation zone for § = 10 deg.
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Fig. 5 Shadowgrams and quantitative flowfield diagrams: a) 3=6 deg, b) 3=10 deg, and c¢) 3 =14 deg.
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Fig. 6 Surface properties for 3 =10 and 14 deg cases: a) wall pressure,
b) Stanton number, and c) skin-friction coefficient.

Of course, the zero values of the skin friction at the separation and
reattachment points cannot be measured by GISF; they are estimated
from conventional oil-flow visualization.

In the separation zone, a very remarkable effect is observed. Al-
though, as expected, the skin friction decreases in the vicinity of
the separation point, the heat flux increases in the separation zone.
This effect is more pronounced for the § = 14 deg case, but is also
noticeable for the § =10 deg case. This is indicative of the com-
plex nonequilibrium behavior in these turbulent interacting flows, in
which the Reynolds analogy between momentum and heat transfer
is not valid. In regions with strong SWTBLI this is expected. There-
fore, the results of the detailed quantitative analysis’ of Reynolds
analogy principles on the basis of present experimental heat flux and
skin-friction data show its good correlations only outside of the in-
teraction region, for an undisturbed boundary layer and downstream
of the heat flux peaks behind the interaction.

The opposite trends in the distributions of heat transfer and wall
shear stress mean that the heat transfer elevated near the separation
S and reattachment R points, whereas the skin friction is zero. Such
an increase in the heat flux rate in a separated flow region is also
observed in other studies of two-dimensional interactions,! and this
phenomenon is a common feature of turbulent flows. Previous stud-
ies of laminar boundary layers, for example, Ref. 23, however, do
not show this phenomenon. That is, the heat transfer rates in laminar
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separation flows decrease in manner similar to the wall shear stress.
The amplification of turbulence in the boundary layer and in the
external flow due to the interactions with the shock waves,' as well
as the higher surface pressure and density due to the stronger sepa-
ration shock (compared to similar interactions in laminar flows) are
possible explanations for the observed increase in the surface heat
transfer in the interaction region.

The increase of heat flux downstream of the reattachment to lev-
els that are higher than in the undisturbed flow occurs at a similar
location to that seen in the surface pressure and wall shear stress
distributions. In addition to the amplification of turbulence energy,
discussed earlier, the increase in the local dynamic pressure down-
stream of the shock interaction and the development of a new bound-
ary layer in the wall region of the attaching flow' are possible reasons
for this behavior.

The locations of the peaks in the Stanton number and the skin
friction indicate approximately the end of the recompression region
downstream of the shock reflection. Although the development of
the flow downstream of this region occurs in the absence of pres-
sure gradients, an equilibrium state is not reached within the region
of measurements. This observation is also seen in the measured
boundary-layer profiles that are reported in Ref. 4. Furthermore, a
comparison of the experimental skin-friction distributions (Fig. 6¢),
derived from the GISF technique, to the distributions obtained from
the velocity profile technique,* also show this. Specifically, in the
undisturbed boundary layer upstream of the interaction, the two
measurements are in very good agreement. However, downstream
of the interaction zone, in particular for the strongest interaction
case, B =14 deg, there are some significant differences between
the two measurements. The comparisons show that there are limits
in the use of the velocity profile technique because the technique
is based on the assumption of a turbulent logarithmic law for the
velocity profile. This technique will, therefore, not yield accurate
results in regions with nonequilibrium boundary layers. The GISF
technique does not have these limitations and, thus, yields more
reliable results.

The present experimental data have been used for validation
purposes in several numerical investigations.>~’ Fedorova and
Fedorchenko® have solved the unsteady two-dimensional Favre-
averaged Navier—Stokes equations in strong conservation form us-
ing the Wilcox k—w turbulence model. The comparison of experi-
mental and computed profiles of mean velocity, density, and tem-
perature, and the distributions of surface pressure, skin friction, and
heat flux, show different levels of agreement. The computed wall
pressure distributions agree well with experimental results for the
three test cases. The skin-friction distributions are well predicted ex-
cept in the strongest interaction case, where the level of skin friction
downstream of the interaction is underpredicted. The comparison of
the experimental and computed Stanton numbers shows further dif-
ferences. For the weakest interaction case, B = 6 deg, the computed
results are in good agreement with the experiment, whereas for the
cases with flow separation, 8 =10 and 14 deg, the computations
overpredict the heat transfer just downstream of the reattachment.
Farther downstream, the computed heat transfer decreases to the lev-
els measured in the experiment. Further computations®* have been
conducted to determine the possible reasons for the discrepancies in
the strongest interaction case. These computations include a model
to account for the unsteadiness of the incident shock. The results of
these calculations (Fig. 7; B = 14 deg), with a frequency of shock-
wave oscillations of 1 kHz, show that, at a sufficient amplitude A,
the calculated distributions are closer to the experimental data, and
the heat flux does not overshoot the measured data. It is generally
accepted that the unsteadiness of the shock system in turbulent sep-
arated flows is a consequence of the shock-wave interaction with the
large eddies in the incoming boundary layer. The computed results
show that there may be a significant influence of the unsteadiness
of the shock system on the heat flux distribution.

Steelant’ has used the present experimental data to examine the
effects of a compressibility correction in turbulence models. The re-
sults show that, for the test cases, there is good agreement between
the computation and experiment for most of the surface parameters
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outside of the separation region. However, in the vicinity of the sep-
aration bubble the agreement is not as good. As in the computations
discussed earlier,>?* the surface pressure and the skin-friction distri-
butions show better agreement than the heat transfer. It is evident that
the prediction of the heat transfer is still the most challenging aspect
of these flows, particularly in the region of the recirculation bubble.

These discrepancies between the experimental and computed heat
transfer rates are larger than the measurement uncertainty of £5%.
This suggests that the measurements are not the source of errors,
but rather that the problem is in the prediction of the heat transfer.
In the computation, both the inability of the turbulence model to
describe correctly the development of turbulence intensity in dis-
turbed boundary layers downstream of the SWTBLI and that the
computational models do not include effects such as an increase of
turbulence energy by the acoustic waves coming from the boundary
layer developing on the surface of the shock generator are possible
sources of error.’

Three-Dimensional Swept SWTBLI Flow

The configuration used for the investigations of three-dimensional
swept shock-wave/boundary-layer interaction flows is shown in
Fig. 8. It consists of an unswept sharp fin that acts as the shock
generator, mounted on a flat plate. The fin may be mounted at dif-
ferent deflection angles B in the range from 2 to 27 deg. The flat
plate has a sharp leading edge and is 500 mm in length and 400 mm
in width. The fin has a height of 100 mm and a length of 260 mm.
The distance between the leading edges of the flat plate and of the
fin is 286 mm at B =23 deg. The natural transition on the flat plate
occurs at approximately x, =120 mm, and at the position of the
fin’s leading edge the boundary layer is turbulent. At x, =266 mm
the thickness of the boundary layer is § = 3.8 mm, the displacement
thickness 6* = 1.6 mm, and the momentum thickness 6 =0.16 mm.
More details about the model geometry and flow parameters can be
found in Ref. 25.

In a previous study,? three-dimensional swept and crossing-
shock/boundary-layer interaction flows have been examined. The
data obtained in this study include surface flow pattern visualiza-
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Fig. 9 Results for 23-deg single fin at x =122 mm: a) skin-friction co-
efficient and b) direction of limiting streamlines.

tions and measurements of surface pressure and heat flux. The de-
flection angles of the single fin are from 2 to 27 deg for the swept
SWTBLI (Fig. 8) and from 8 to 23 deg for the crossing SWTBLI in
the double-fin configuration. Analysis of the angles of the separa-
tion and reattachment lines shows good agreement with empirical
correlations, which were developed for lower Mach number (from
two to four) flows.!? These data have subsequently been used for
CFD code validation, such as described in Ref. 9.

The present experiments supplement these data with optical skin-
friction measurements obtained by the GISF method and IR heat flux
measurements. These new measurements on the single fin on the flat
plate include skin-friction measurements for the fin angle of 23 deg
and heat flux measurements for the angles of =8, 12, 18, and
23 deg.

Figure 9 shows the distributions of the skin-friction coefficient
and the deflection angle of the limiting streamlines. The location of
the measurement plane is x = 122 mm (where x is measured down-
stream from the fin’s leading edge along the streamwise coordinate).
The data are presented with respect to the conical coordinate z/x.

The distribution of the skin friction shows that there are higher
levels of shear stress along the reattachment lines and lower levels
along the separation lines. In contrast to two-dimensional flows, the
skin friction at the separation lines is not zero because there is flow
along these swept lines. The locations of the separation and reat-
tachment lines are indicated in Fig. 9. These locations are seen to
coincide with peaks and valleys in the measurements of skin friction.
Between the upstream influence line (UI) and the primary separa-
tion line Sy, the skin-friction coefficient decreases as is expected for
a separated three-dimensional flow. The impingement of flow along
the reattachment line R; results in the relatively high wall shear
stress.® 1% This shear stress decreases toward the secondary separa-
tion line S, where its magnitude is close to that along the primary
separation line S;. A second peak in the skin friction is seen along
the secondary reattachment line R,. The skin-friction measurements
in the vicinity of the secondary flow separation are well resolved,
which is indicative of the good sensitivity of the GISF technique.
Finally, in the region between the secondary reattachment line R,
and the primary separation line S; there is a small decrease in the
wall shear stress.

These observations are in good qualitative agreement with the
point oil interferometry measurements reported in Ref. 8 for lower
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Mach numbers and weaker shock strengths. However, the present
measurements and the results from Ref. 8 differ in two respects.
First, in Ref. 8 it is found that the location of the primary peak
in the skin friction ¢ differs by about 3 deg from the location of
the primary reattachment line R;. On the other hand, the present
results show that these two locations are coincident (Fig. 9a). A
second difference is that in Ref. 8 a local peak in the skin friction
is measured intermediate to the Ul and the primary separation line
S;. In the present work, this peak is located close to the primary
separation line S; (Fig. 9a) within the separated flow region. As is
discussed later, within the separated flow, there is also a peak in the
measured heat transfer rates. This peak arises because the reversed
flow accelerates toward the primary separation line S; due to the
presence of a favorable pressure gradient.

In spite of these differences, the present work identifies a peak
in the skin friction near the secondary separation line S,; this fea-
ture was first described in Ref. 8. In the present work, this peak is
thought to arise due to the flow impingement along the secondary
reattachment line R, (Fig. 9), in a manner similar to that described
for primary reattachment line R;.

Figure 9b shows the measured angles of the directions of the lim-
iting streamlines (also termed skin-friction lines). The line of the
function arctan (z/x), which represents the relation for the ideal
conical flow symmetry (conical relation), is also shown here. It is
evident that only the separation lines S; and S, and reattachment
lines R, and R, satisfy the conical relation. This indicates that the
quasi-conical shock-wave structure determines these features in the
flow.!® There is a small difference between the measured and cal-
culated angles at these four locations, and this is thought to occur
because the virtual origin of the quasi-conical flow is upstream of
the fin’s leading edge (Fig. 1).

Several features of the distribution of the angles of the limiting
streamlines are noteworthy. First, the largest angle lies between the
primary reattachment and secondary separation lines, R and S,
respectively (Fig. 9b). Second, there is a nearly constant angle be-
tween the reattachment and separation lines R, and S, as can be
seen from the plateau in the distribution between these locations.
Third, there is a local peak just downstream of the separation line
S; this peak arises due to the suction of the flow in the region of a
favorable pressure gradient, as described earlier.

The distributions of surface pressure, heat transfer, and skin fric-
tion at several measurement planes are shown in Fig. 10. The rela-
tively large distance between the most upstream (x = 82 mm) and
downstream (x = 182 mm) planes is ~255. Thus, the character of
the boundary layer changes noticeably between these two planes.
This can be seen in the different trends in the heat transfer distribu-
tions over the region where the surface pressure is approximately
constant between the secondary reattachment R, and primary sep-
aration S, lines. The surface pressure distribution, which is largely
determined by the quasi-conical nature of the shock-wave structure,
changes little at all measurement planes (Fig. 10a). The distribution
of skin friction is little changed at the different measurement planes
(Fig. 10b), whereas the heat transfer rates decrease noticeably far-
ther downstream of the leading edge (Fig. 10c).

These results confirm that the state of the boundary layer has a
larger effect on the heat transfer processes than on the skin friction.

Also note that the maxima in the surface pressure, skin friction,
and Stanton number are located along the primary reattachment line
R in all measurement planes (Fig. 10). Only at the most downstream
measurement plane (x = 182 mm) are the peaks in St and ¢, lower
than expected. It is thought that the relative short fin (height of
100 mm) results in a tip leakage flow that reduces the skin friction
and heat flux peaks at this most downstream location; the pressure
is apparently less sensitive to this process.

The results of the three-dimensional SWTBLI are summarized
by examining the effect of the shock strength on the peak values of
the measured parameters. The peak values (excluding those mea-
sured at x =182 mm) are normalized by the undisturbed values
measured upstream of the interaction region at z/x &~ 1.3. These
normalized parameters, wall pressure py, peak/ Pw1, skin-friction co-
efficient ¢y pear/Cr1, and Stanton number Stpeq/St; are shown in

15 T
A X=82mm
12 5 o 92mm [
Lo
_ o Loo e — 122 mm |
Q. o 152 mm
-
3 ]
o 6 © 182 mm ||
h
3 %WWW
8% ma a0 al
0
0.4 0.6 0.8 1 1.2 1.4
a) z/x
0.025 T
c é A X =82mm
(7]
.= 0.020 H
o — 122mm
b
4 o 162 mm|_|
8 0.015
c o 182 mm
2
.‘:)- 0.010
b=
.«
c
=~ 0.005
(7]
0.000
0.4
b)
0.004 T
A X =82mm
o 102 mm
© 0.003 —
o —_ 122 mm
£ cl
S x 142 mm
< 0.002 o 162mmM
L o 182mm
c
8
o 0.001
0.000 t t 1
0.4 0.6 0.8 1.0 1.2 1.4
c) z/x
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sitions: a) pressure, b) skin-friction coefficient, and c¢) Stanton number.

Fig. 11 with respect to the inviscid shock strength & = p,/p;. The
skin-friction measurements from Ref. 8 are also included. In Fig. 11,
the empirical correlations for the normalized pressure and the least-
squares best fit to the skin-friction and heat transfer data are also
shown as solid lines. The correlation for pressure is given as'>?’

pwpeak/pwl = 1.3§ - 0.3§; (10)

where &; is the critical shock strength at incipient three-dimensional
separation, & = 1.4-1.6 (Ref. 11). The least-squares fit for the skin
friction and Stanton number are

Crpeak/Cr1 = 0.9354& 1% an
Stoear /St = 1.108650.8992 12)

The comparison of these results shows that the surface parameters
vary in a manner with respect to shock strength &. In particular, rela-
tive to the pressure growth, the Stanton number increases less rapidly
as the shock strength is increased and the skin friction increases more
rapidly. These different variations between the skin friction and heat
transfer suggests that the relatively simple Reynolds analogy is of
limited validity in strong three-dimensional SWTBLIs.

These results also indicate the limitations, in nonequilibrium
flows, of indirect methods for skin-friction measurements.> These
limitations arise due to the questionable use of similarity laws for the
determination of skin friction when such measurements are based
on the heat transfer processes, for example, when a buried wire sen-
sor is used. The GISF technique, which is based on the principle
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of oil-film interferometry, and is used in the present work, does not
have these limitations.

Conclusions

Two CFD validation cases for SWTBLI have been studied us-
ing modern nonintrusive methods for the measurement of skin
friction and heat flux measurement. The two-dimensional case
is the oblique shock interaction on a flat plate, and the three-
dimensional case is the interaction of a swept shock generated
by a single fin on a flat plate. In both test cases, a turbulent
boundary layer developed in freestream of Mach number M, =5.
The most significant findings of the study may be summarized as
follows:

1) For the two-dimensional case, within the separated flow the
skin friction decreases in the streamwise direction, whereas the heat
flux increases. These different trends are indicative of the complex
nonequilibrium behavior in the region of SWTBLI.

2) The surface pressure first reaches a constant value down-
stream of the two-dimensional shock reflection at the reattach-
ment point; at this location the heat flux and skin friction are also
maximum.

3) In the three-dimensional case, the skin friction and heat transfer
are, in general, larger along the reattachment lines and lower along
the separation lines. The locations of these lines are in good agree-
ment with the locations of the peaks and valleys in the distributions
of skin friction and heat transfer.

4) A local maximum in the skin-friction and heat transfer mea-
surements is seen near the primary separation line S;. These maxima
are thought to be the result of an acceleration of the reversed flow,
which occurs in the presence of a favorable pressure gradient. This
mechanism of separation line suction should exist in some three-
dimensional flows with open separation zones.

5) The skin-friction distribution along conical rays in the three-
dimensional SWTBLI changes little in the downstream direction;
on the other hand, there is a noticeable decrease in the heat flux.

6) The ratios of the normalized (that is, peak to undisturbed val-
ues) wall pressure, skin friction, and heat transfer show different
behaviors with respect to the shock strength. Relative to the pres-
sure, the Stanton number increases less rapidly and the skin friction
more rapidly as the shock strength is increased.

7) The results of the present study suggest that the indirect
methods of skin-friction measurements, which are based on sim-
ilarity laws, such as the Reynolds analogy (for the heated film
or buried wire techniques, for example) or the wall-wake law
(for example, the velocity profile, Preston, or Stanton tube tech-
niques), may be of limited utility in SWTBLI regions because
the similarity laws break down. The technique based on the
principle of oil-film interferometry does not suffer from these
limitations.
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