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Application of the Scaling Law for Swept Shock/Boundary-
Layer Interactions
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An experimental study providing additional knowledge of quasi-conical symmetry in swept

shock wave/turbulent boundary-layer interactions is described. When a turbulent boundary

layer on the flat plate is subjected to interact with a swept planar shock wave, the interaction

flowfield far from fin leading edge has a nature of conical symmetry, which topological features

of the interaction flow appear to emanate from a virtual conical origin. Surface streakline

patterns obtained from the kerosene-lampblack tracings have been utilized to obtain represent-

ative surface features of the flow, including the location of the virtual conical origin. The scaling

law for the sharp-fin interactions suggested by previous investigators has been reexamined for

different freestream Mach numbers. It is noticed that the scaling law reasonably agrees with the

present experimental data, however. that the law is not appropriate to estimate the location of

the virtual conical origin. Further knowledge of the correlation for the virtual conical origin has

thus been proposed.
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Nomenclature

L; . Inception length

Ls : Length along inviscid shock line on test
surface from fin leading edge

Lun > Normal distance from inviscid shock
line on test surface to upstream influence

M. . Freestream Mach number

My . The component of freestream Mach num-
ber normal to inviscid shock wave (=
M sin Bo)

Fes;  Reynolds number based on the incom-
ing boundary layer thickness

X . Axial directional coordinate from fin
leading edge

A . Spanwise directional coordinate from

fin leading edge
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Greek symbols

44

B

Bo

Bs

AVCO |

. Angle-of-attack of the fin
. Azimuth angle of upstream influence

line with respect to incoming freestream
direction

. Azimuth angle of inviscid shock with

respect to incoming freestream direction

. Azimuth angle of primary separation

with respect to incoming freestream di-
rection

Distance between fin leading-edge and
virtual conical origin

. Incoming boundary layer thickness at

fin leading edge

1. Introduction

The study of shock wave/turbulent boundary-

layer interactions has been important and even

critical for the design of high-speed vehicles and

for the validation of the associated numerical

simulations. A strong three-dimensional separa-

ted region can be generated in the interaction
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flowfield, especially for strong shocks. Substantial
variations in surface pressure, skin friction and
heat transfer have been observed to occur in the
separated flow region (Kim et al, 1991; Lee et
al., 1994), and the variation of those values are of
practical importance in establishing the limits of
aerodynamic and aerothermal loads on high-
speed flight vehicles. A detailed survey of the past
work on such interactions was carried out by
Settles and Dolling (1986). With detailed flow-
field surveys of the sharp fin interactions, impor-
tant information has become available. This is
especially so with regard to a significance of the
choice of a coordinate system in the fin inter-
actions.

The most noticeable feature in the interaction
is their quasi—conical nature. The quasi-conical
symmetry has its practical importance, since the
use of such simple assumptions can lead to simple
coordinate approach in related studies, and thus
can greatly reduce experimental and computa-
tional requirements. This feature has been analyti-
cally observed by Inger (1987), using an order-
of-magnitude analysis of the governing equations,
and by many experimental parametric studies
(Settles and Lu, 1985; Alvi and Settles, 1991).
From those previous studies, it has been noticed
that, although the boundary-layer growth cannot
be conical, the nature of flowfield in sharp-fin
interactions and the interaction growth are ap-
proximately conical except for an initial region in
the vicinity of the juncture of fin leading edge and
model surface. Beyond the initial region, which is
called the inception zone, topological features of
the interaction flow appear to emanate from a
single point, which is termed the ‘virtual conical
origin (VCO).” A detailed description on the
characteristics of the quasi-conical symmetry of
sharp-fin interactions is provided in the next
section.

Since many previous studies on sharp-fin
interactions have been possibly performed in the
inception zone, there have been possibilities of
misinterpretation of such data. Clear information
of the size of the inception zone is thus essential
for the proper understanding of any data of the
fin interactions. Settles and Lu once proposed a
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scaling law to estimate the size of the inception
zone (i.e., the inception length) of sharp fin inter-
actions of the freestream Mach number of 3.0
(Settles and Lu, 1985). However, applicability of
the scaling law to estimate the inception length
for other freestream Mach numbers has not been
tested. Knowledge of the VCO is important as
well as the inception length, since the VCO is a
fundamental base of thé theory of the conical
symmetry of sharp-fin interactions. However, not
much information on it has been available, except
the fact that the location of VCO is a highly
viscous phenomenon.

The purpose of the present study is, therefore,
to provide further information of the quasi-coni-
cal nature of the fin interactions. The scaling law
previously suggested by Settles and Lu has been
reexamined for different freestream Mach num-
bers, and applicability of the scaling law to
estimate the location of the VCO has been consi-
dered. Further additional knowledge of the cor-
relation for the location of the VCO is proposed.

2. Quasi—-Conical Symmetry

A schematic diagram of the sharp fin-interac-
tion is shown in Fig. 1. In the figure, a two-
dimensional turbulent boundary layer on a near-
adiabatic flat plate is subjected to interact with a
swept planar shock wave generated by a sharp-
fin at an angle of attack, @. The interaction is
“dimensionless,” for which the sharp fin imposes

no length dimension on the interaction (Settles

fin angle

- sharp fin

upstream infiuence

//(

2-D turbulent \¥x’ /

boundary layer / flat plate

Fig. 1 Sketch of the sharp fin-interaction and test
geometry
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and Dolling, 1986). The dimensionless fin-gene-
rated swept interaction have been shown to dis-
play the nature of quasi-conical symmetry about
a virtual conical origin, which is located slightly
upstream of the fin leading edge. Since the conical
symmetry has been originally defined for inviscid
flows, the term of “quasi-conical symmetry” is
used in the present study.

Figure 2 shows a skétch of the limiting strea-
mlines underneath the sharp fin interaction. The
limiting streamlines depicted in the figure include
the upstream influence, which is defined where
the incoming freestream parallel streamlines are
first deflected from their original trajectories, pri-
mary separation, and the inviscid shock wave line
on test surface. The curved, non—conical region is
called the *
gion, the topological features of the interaction

inception zone,” and beyond the re-
surface flow appear to emanate from a virtual
conical origin (VCO). The inception length, L,
represents the length along the inviscid shock
trace on test surface in the inception zone.

Not only the surface features, but also the flow-
field structure above the surface of the interaction
shows a quasi-conical behavior (Zubin and Os-
tapenko, 1979 ; Alvi and Settles, 1991). Zubin
and Ostapenko have provided one of the first dis-
cussions of the conical characteristics of sharp-

fir R , inviseid ahock

primary separation

: upztream irfluerce
fin angle - -z,

£ conical flow
/

.- irception {engtn [,
Z

/e ’
1 Y

Fig. 2 Limiting streamlines in the sharp-fin
interaction
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fin interactions. They have proposed that the
plateau pressure ratio in the interaction can be
correlated as a function of the normal Mach
number to the separation line, not the freestream
Mach number. By utilizing the conical shadow-
graphy, Alvi and Settles have found that the A-
shock structure of the interaction can be aligned
accurately with a conical light beam, indicating
the nature of conical flowfield (Alvi and Settles,
1991). They have further noticed that the A-
shock bifurcation depends solely on the normal
Mach number and is independent of both frees-
tream Mach number and fin angle, which is one
of the representative characteristics of the conical
symmetry of the flow.

Most noticeable advance in the knowledge of
the quasi-conical symmetry of the interaction has
been achieved by Dolling and Bogdonoff (1983),
and Settles and Lu (1985). Settles and Lu have
performed parametric studies on the similarity
in three-dimensional fin interactions, and have
found that the upstream influence in a sharp-fin
interaction of M.=3.0 obeys a scaling law as-
sociated with the Mach number and the Reynolds
number based on the incoming boundary layer
thickness, Res. Among other surface flow features
in the interaction, the upstream influence is con-
sidered as an important parameter, since the onset
of separation of incoming boundary layer just
after the upstream influence considerably changes
overall flow structure of the interaction.

In coordinates normal and tangential to the
inviscid shock wave, their scaling law is written
for the upstream influence as ;

(Lun/é” (Reaa/Mn f[ 3/6 Re,® ] (1)

Here, M, is the normal Mach number, which is
the component of the freestream Mach number
=M. sin Ba),
and L, is the normal distance from inviscid
shock line to upstream influence (see Fig. 2). & is
the incoming boundary layer thickness at the fin

normal to the inviscid shock wave (

leading edge. According to Settles and Lu, the
constant a in Eq. (1) has an empirical value of
about 1/3 for M.=3.0.

From the observation that the simple nor-
malization of L., by M, effectively correlates
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variations in shock strength, Settles and Lu have
further revealed that the size of the nonconical
inception zone, i.e., the inception length L;, can
be estimated by the scaling law. To demonstrate
the theory, they plotted the experimental data of
upstream influence, which were obtained by the
surface flow visualization for both swept and
unswept fin interactions, in the above coordinates
shown in Eq. (1). Detailed result of the scaling of
upstream influence for a wide range of strengths
of fin-angles-of-attack a for Mw=3.0 can be
found in Fig. 9 in their article (Settles and Lu,
1985). From the result, they have further noted
that the inception length can be given approxi-
mately by ;

(L:/8) (Res®) = 1600 (2)

However, all their experimental data have been
obtained for a single freestream Mach number of
3.0. The applicability of the scaling law to esti-
mate the inception length as shown in Eq. (2) for
other freestream Mach number flows have not yet
been tested.

3. Experimental Methods

3.1 Test conditions

The supersonic wind tunnel used in the present
experiments is intermittent, and blowdown type.
The stagnation pressure in the settling chamber is
regulated from 0.34 Mpa to 1.65 Mpa, and once
the stagnation pressure is set for a given test
condition, it is kept almost constant (less than 3
% variation) during the tunnel run. The stagna-
tion temperature of the freestream is approxima-
tely near to the ambient temperature. The size of
the test section is 150 mm in width, 170 mm in
height, and 600 mm in length. The tunnel can
control the freestream Mach numbers from 1.5 to
4.0 in the test section.

A flat plate is installed inside the test section to
generate an undisturbed two-dimensional turbu-
lent boundary layer. Natural boundary-layer tran-
sition on the plate typically occurs within 1~2
cm of the plate leading edge at the present high
Reynolds number flows. The turbulent boundary
layer on the plate is in a near-adiabatic condition
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Table 1 Typical freestream test conditions and the
incoming boundary layers

freestream Mach number 3.0 4.0
total pressure (kpa) 850 1,480
total temperature (K) 275 288
unit Reynolds number (I/m)| 6.8Xx107 | 7.0x107
incoming é 36 3.1
boundary layer o 1.1 1.0
(mm) ) 0.2 0.1

(the ratio of the wall temperature, Ty, to the
Tow, is typically
1.03, and the recovery factor is approximately
0.9). The tabulated data on the typical freestream

adiabatic wall temperature,

test conditions (without fin installation) are lis-
ted in Table 1. Integral properties of the incoming
boundary layer in Table | have been measured at
227 mm downstream of the plate leading edge.

The fin leading edge is located 216 mm down-
stream of plate leading edge. The size of the fin
is small enough to avoid blockage of the flow in
the test section, but large enough to generate a
“dimensionless” interaction on the flat plate. The
strength of the planar shock generated by the fin
is controlled by changing the angle of attack of
the fin, which is manipulated by a pneumatic fin-
injection mechanism.

3.2 Measurement technique

Various diagnostic techniques, including sur-
face pressure measurements, surface flow visual-
ization, measurements of skin friction and heat
transfer, have been employed for the study of
shock/boundary-layer interactions. Only experi-
mental results from the surface flow visualization
are discussed herein. For the surface flow visual-
ization, the kerosene-lampblack tracing tech-
nique has been utilized. When a mixture of kero-
sene and carbon powder (lampblack) painted on
the area of interest of the plate surface is exposed
to flow, the mixture is driven to form local streak
patterns. During a tunnel run (typically 15 to 20
seconds) the volatile kerosene is evaporated, and
only the lampblack remains on the test surface. It
is observed that unsteady motions of shock and
associated interaction flowfield in high frequency
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ranges are not registered by the thin layer of the
mixture during the tunnel run. After tunnel is
shut down, a 150 mm wide strip of transparent
adhesive tape (Scotch Magic Transparent Tape,
3M) is carefully pressed down upon the test
surface and rubbed using a soft cloth. Then, the
thin coating of carbon pigment remaining on the
test surface is transferred to the tape and the tape
is pressed onto a sheet of white paper, preserving
the “1: 1 scale” surface streakline pattern. This
method yields immediate results without photo-
graphic processing and provides full-scale quan-
titative data, such as measurements of streakline
distances and angles. To apply this technique
successfully, the ratio of the mixture of com-
ponents is important. A 4: 1 mixture of kerosene
and carbon powder by volume produces a very
thin layer of the mixture over a model surface and
prevents the objectionable characteristics of the
more common oil-flow techniques (Settles, 1975).

4. Results and Discussion

4.1 Surface flow visualization

In Fig. 3, one example of kerosene-lampblack
trace patterns is shown for the freestream Mach
number of 4.0 and the fin-angle-of-attack a=16°,
which is a relatively strong interaction case. The
key features such as upstream influence, primary
separation, secondary separation, and fin edge are
observed in the trace pattern. The parallel stre-
amwise streak pattern upstream of the fin leading
edge shows the uniform incoming two-dimen-
sional boundary layer. This incoming flow begins

“Yin leading-edge

m mfloenco

primary separation

viscid shatk line

Incomiag fiow

secondary separation

Fig. 3 Surface streakline pattern for M.=4.0, =16°
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to deflect as it approaches to the fin, and the fist
turning of the streak patterns depicts the upstream
influence, which appears white in the figure.
Immediately thereafter, the incoming boun-
dary layer separates, and a line of pigment (be-
ginning of dark region) represents the primary
separation. Such a close distance between the
primary separation and upstream influence is a
typical phenomenon for the present strong inter-
action. The secondary separation inside vortex
region under the A-shock structure is also seen in
the figure. The VCO is also depicted slightly up-
stream of the fin leading edge in the figure,
determined by intersecting the upstream influence
line and the invisid shock line on test surface.

4.2 Scaling law of upstream influence for
M.=3.5 and 4.0

Figure 4 shows the result of scaling of upstream
influence obtained from the kerosene-lampblack
tracings for the freesteram Mach numbers of 3.5
and 4.0. Experimental data of the variation of
skin friction for the identical interactions are
available in the reference (Kim et al., 1991). Since
the boundary between the inception and the
quasi—-conical zones is difficult to determine
accurately due to the asymptotic joining of the
inception and conical zones, the error band of the
boundary is depicted in Fig. 4. The inception
length determined from Fig. 4 is approximately ;

1400< (L;/8) (ResM®) <1700 (3)

3.5
" eM=4.0, alpha=20-deg

3 A M=4.0, alpha=16-deg
#M=3.5, alpha=18-deg.

)
2 25
x
g y’f{ quasi-conical
= 2 asymptote line
g 15
d‘; error tand of boundary
‘; 1 — DU
=
05 . . .
inception zone quasi-conical zone
o
0

0 5 10 i5 20 25 30
173 -2
L, (Reg) ™ 15 X 10

Fig. 4 Scaling of upstream influence in nondimen-
sional form for M-=3.5 and 4.0
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The range of the inception zone for the present
case of M.=3.5 and 4.0 is slightly lower than the
previous result obtained by Settles and Lu for
M.=3.0 (see Eq. (2)). The intercept of the asym-
ptote at the coordinate of Lu,(Res) Y*/6M, is
also slightly less than the value of the previous
result. However, the results shown in Fig. 4 shows
a reasonable agreement with the previous results
by Settles and Lu (1985), if the difficulty as-
sociated in estimation of the inception length, L.,
(due to the asymptotic joining of the inception
and conical zones) is taken into account. It im-
plies that the scaling law of the upstream in-
fluence can be reasonably applied for other frees-
tream Mach numbers in fin-interactions as well
as for M.=3.0.

Neumann and Hayes have once showed that the
peak pressure ratio (a ratio of the peak pressure
inside interaction to the pressure of the freestre-
am) could be correlated with the normal Mach
number (Neumann and Hayes, 1977). For wide
range of freestream Mach numbers from 2.95 to
5.85, they have found that the peak pressure ratio
could be correlated as M,™, and that the expo-
nent, #p, depended on the measurement locations
X/8, where X is the streamwise distance from fin
leading edge. Figure S shows their fairing of data
for the correlation and the dependency of np with
X/8. In the figure, the #p increases asympto-
tically as X/ ¢ increases, and it approaches a fixed
value of 2.4 for X/¢ larger than approximately
30. It implies that the boundary between the
inception and conical zones occurs near X/5=30

Fig. 5 Exponent in peak pressure correlation by
Neumann and Hayes

for their experiments. By applying Settles and Lu’
s scaling law shown in Eq. (2) to the present
experimental data, the inception length has been
recalculated, and it is plotted in X/& coordinate
in Fig. 5. The boundary between the inception
and conical zones by the scaling law is found to
lie between X/8=24 and 26, which shows a
reasonable agreement with the result of the peak
pressure correlation by Neumann and Hayes.

4.3 Virtual conical origin

Since the theory of the quasi-conical symmetry
is based on that all surface features in conical
region are bounded by rays from a common
origin (VCO), the location of VCO is a funda-
mental basis in the theory. As noted in Fig. 3, this
origin generally does not coincide with the junc-
tion of the fin leading edge and the plate, but is
located slightly upstream of the junction. The
virtual origin is displaced by a distance AVCO
along the inviscid shock line on test surface, as
depicted in Fig. 2.

In spite of its important implication, the in-
formation of VCO has been sparse, except the
knowledge that VCO location (or AVCO) is
surely a viscous flow phenomenon depending on
M. and &, and that the AVCO decreases as the
shock strength increases. The simplest method to
locate the VCO is to utilize the surface flow
visualization techniques, such as kerosene-lamp-
black tracings, by identifying the feature of
limiting streamlines from the tracings and inter-
secting those lines to a single point (see Fig. 3).

Instead utilizing the surface streakline patterns,
Rodi and Dolling have located the virtual conical
origin based upon their surface pressure data
(Rodi and Dolling, 1995). In their method, they
identified specific features in the pressure distri-
bution at two rows (i.e., such as initial pressure
rise, plateau, trough, etc) and passed a straight
line through the locations of the same feature on
different rows. Finally they could locate a VCO
by determining the intersection of those pairs of
lines.

However, their method has a limitation that it
requires detailed information of the
pressure data. Therefore, for the present study, the

surface
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simple kerosene-lampblack tracings have been
utilized to estimate the location of VCO. For a
couple of interaction cases, both the surface flow
visualization and Rodi and Dolling’s methods
have been applied to locate VCO. The results
have been compared each other, and it is con-
firmed that both results have reasonable agree-
ments for most cases.

When the location of VCO is estimated by the
surface steakline patterns, the lines through sur-
face flow features do not collapse occasionally to
a single point. There are certain errors associated
with the procedure, and an optimized collapse-
point of those lines should be chosen. The uncer-
tainty of the VCO location has thus been esti-
mated, and it is found that the uncertainty of the
AVCO is approximately *2 incoming boundary
layer thicknesses along the inviscid shock line for
the present experiments.

Since the location of the virtual conical origin
is displaced by AVCO from the fin leading edge
along the inviscid shock line (see Fig. 2}, it is
possible to estimate the location of VCO from the
scaling law of the upstream influence. It is done
by simply extending the conical asymptote of
the upstream influence line to the virtual coni-
cal origin in the nondimensionalized coordinate
shown in Fig. 4. Figure 6 shows this estimation
procedure. From the error band of the boundary
dividing the inception and conical zones, two
extreme conical asymptotes have been utilized to
estimate the location of VCO. In Fig. 6, it is
noticed ;

«M=40, alpha=20-deg Vs
3 AM=4.0. alpha=16-deg /

o 1435, aipna=18-dsg a
2 25 ffd
x
)
: |
o
- 18| quasi-conical I‘
< asymptotes.
& ymp ‘
T i
= inception | | quasi-conical
—
05 / i leading-odge] |
n leading-edge
Va |
0
-10 T 0 10 20 30

location of VCO; L, (Rey) ™ 7a X107

-10 < -AVCO (Rep) ™ /8 X102 <-7

Fig. 6 Estimation of the virtual conical origin by the
scaling law of upstream influence
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T<AVCO(Res'®) /68X 1072<10 (4)
and thus,
7008/ (Res'®) SAVCO<10008/(Rest’®)  (5)

The simple Eq. (5) shows that the location of
VCO is dependent on & and Re;'?, but it is
dependent on neither freestream Mach number,
M., nor the normal Mach number, M,. However,
this result is questionable, since the VCO is surely
a phenomenon of highly compressible viscous
flows, and thus should be dependent on the in-
coming boundary layer thickness and the frees-
tream Mach number (or, the normal Mach num-
ber) by some ways.

Figure 7 shows the present experimental results
of VCO locations obtained by the surface flow
visualization for various shock strengths (i.e., for
various values of M,). For the cases of the free-
stream Mach numbers of 2.5 and 3.5, the experi-
mental data by Lu (Lu, 1988) have been utilized.
In the figure, it is noticed that the estimation of
AVCO by Eq. (5) does not show good agreement
with the present experimental results. It is obvious
that the AVCO is surely dependent not only on
the freestream Mach number but on the shock
strength (i.e., normal Mach number). It is also
noticed that the AVCO becomes smaller as the
normal Mach number increases.

However, in Fig. 7, implying that the AVCO is
dependent on the characteristics of the incoming
boundary layer and the freestream Mach number,
Settles and Lu’s scaling law shown in Eq. (1) is
presumed to be still valid, and a slight different
approach to estimate the location of AVCO can

2000

M =25 (Lu)
aM=30
*M=3.5(Lu)
1500 =
w oM=40 applicaton of scaiing taw of
= & upstream nfluence line
2 700 <aVCA (Re,) ¥ /< 1000
e *
1)
@ 1000 * x
o Y|
3 3
2 o+
500 o . * 9
.D -
000 *

My
Fig. 7 Comparison of the experimental VCO loca-

tions with the result by the scaling law
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be tried. After a coordinate parameter depending
on M, and Re;"® is made according to the scaling
law, and the correlation of the normalized AVCO
with respect to § with the new coordinate para-
meter has thus been performed.

Figure 8 shows the result of the correlation.
Uncertainty levels of the VCO location equal
to %2 incoming boundary layer thicknesses for
the present experiments are also depicted in the
figure. In Fig. 8, it is noticed that the correlation
of the normalized AVCO with M,*/Res"? shows
a reasonable result, and the correlation equation
is;

AVCO/8=270(100 X M,%/Res®) 345 (6)

For the weakest interaction, such as for the
tfreestream Mach number of 2.5, the VCO is some
significant distance upstream of the fin leading
edge. It is also noticed that the normalized VCO
decreases as M,%/Res"® increases. The scaling
law associated with M, and Res"* is presumed to
be still valid, and the strong dependency of the
normalized VCO to the normal Mach number
(i.e., M®) is another demonstration of the quasi-
conical characteristics of the fin interactions. The
present correlation is thus proposed to estimate
AVCO for a wide range of interaction strengths of
M. from 2.5 to 4.0.

One possible limitation in the correlation is
that the range of Reynolds numbers of the ex-
perimental data utilized in the correlation are
somewhat narrow. All data have been taken for
high unit Reynolds number flows, typically in the
range between 5X107/m and 7X10°/m. Further

40

oM =25 (Luy
3 i aM=30
30 o AM=35(Lu)
omM=40
.25 : .
g o
g 2 ., [Correlation of aVCO : Eg. (6} |
2

an/Reame 100
Fig. 8 A correlation of AVCO
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detailed investigation for wider range of Reynolds
number flows on the correlation of AVCO is thus
suggested for the future study.

Conclusions

An experimental study on the quasi-conical
symmetry in swept shock wave/turbulent boun-
dary-layer interactions has

When an equilibrium turbulent boundary layer

been performed.

on a flat plate is subjected to interact with swept
planar shock waves, the interaction flowfield has
a nature of conical symmetry. Surface streakline
patterns obtained from the kerosene-lampblack
tracings have been utilized to estimate representa-
tive surface features of the flows, such as the
upstream influence and the virtual conical origin.
The scaling law of the interaction suggested by
previous investigators has been reexamined for
different freestream Mach numbers. It is noticed
that the present experimental data reasonably
agrees with the scaling law of upstream influence
and the previous result of the peak pressure cor-
relation. Application of the law by simply exten-
ding the conical asymptote of the upstream
influence line is not appropriate to estimate the
location of the virtual conical origin. However,
the scaling law associated with M, and Res® is
presumed to be still valid, if slightly modified,
and finally a correlation equation of the AVCO
has been proposed.
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