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was reinserted (at WB), the pressure jumped to P(RR), indicating
the formation of an RR. The pressure then dropped suddenly to
P(MR), again indicating a spontaneous transition from a regular to
a Mach reflection. The process was repeated at WR,. Consequently,
the stable reflection for w; = 34.8 deg is again an MR.

In spite of the similarity just described in the observed processes
in Figs. 2b and 2c¢, there was one noticeable difference between
them, namely the time duration of the existence of the RR from the
moment of its formation (at WB) until its spontaneous transition to
a Mach reflection. Whereas, as can be seen in Fig. 2b, the four tran-
sient regular reflections, which were formed at WB |, WB,, WB;,
and WB., lasted for about 18, 9, 4, and 18 s, respectively, the two
transient regular reflections, which were formed at WB, and WB,
(see Fig. 2¢), existed for about 60 and 55 s, respectively. Conse-
quently, it is apparent from Figs. 2a—2c that as w; approached the
value appropriate for the transition from a stable MR to a stable RR,
the duration of the transient RR increased.

A different sequence of events is evident in Fig. 2d for w; = 34.0
deg. The pressure appropriate to the initially established Mach re-
flection P(MR) jumped, as expected, to P(OS) when the lower wedge
was removed (at WR ;). When the lower wedge was reinserted (at
WB)), the pressure jumped to P(RR), indicating the establishment
of an RR. However, unlike the cases recorded in Figs. 2a-2c¢, the RR
this time was stable and did not change spontaneously to a Mach
reflection. Once an RR was established, the removal of the lower
wedge (at WR;) resulted in a drop in the pressure from P(RR) to
P(OS), and the return of the lower reflecting wedge, at WB,, re-
sulted in a jump back to P(RR). Hence, based on the results shown
in Fig. 2d the stable reflection for w; = 34.0 deg is an RR. In sum-
mary, the results shown in Figs. 2a-2d indicate that Mach reflection
wave configurations were stable for w; > 34.8 deg and that RR wave
configurations were stable for 34.0 deg. Averaging between these
two values results in w{" A 34.4 deg, in contrast to the value ob-
tained in Ref. 1,i.e., wf" =35.5 deg, which was based on continuous
(video) photography.

The reason for the formation of a transient RR before the estab-
lishment of a stable MR for w; > w{" is understood if one inspects
the numericai simulation of the evolution of an MR as shown in
Fig. 3, which is taken from Ref. 4. As can be seen, the oblique
shock wave, which is formed at the leading edge of the wedge, re-
flects first at the symmetry line as an RR (see Figs. 3a and 3b). This
RR then changes to a Mach reflection (Fig. 3¢), which after a while
reaches its steady-state position and configuration.

Based on the numerical simulation shown in Fig. 3, one can con-
clude that even when the initial conditions are appropriate to a stable
MR the evolution to the stable MR starts with a transient RR. When
w; > wf', as is the case in Fig. 2a, the duration of the transient RR
is extremely short. In fact, it is so short that sometimes it is not even
recorded. However, as w; approaches w{", as is the case in Figs. 2b
and 2c, the duration of the existence of the transient RR increases.
The mechanism(s) causing the termination of the RR in this case
is(are) yet to be understood.

Conclusions

The stability of RR and MR in the dual solution domain was in-
vestigated experimentally. A pressure-measurement-based method
was applied.

It was found that the dual solution domain, i.e., w'(MR— RR)
< w; € of(RR =MR), is divided by a critical angle, say, wf",
into two subdomains. RR is stable in the subdomain w'(MR—RR)
< w; < of, and MR is stable in the subdomain " < w; <
! (RR—MR).

In addition, it was found that even when the stable wave con-
figuration is an MR, it was preceded, in the vicinity of the critical
angle /" by a transient RR wave configuration that spontaneously
changed to an MR. The average duration of the temporal regular
reflection was found to increase as the value of " was approached
from above. At the flow Mach number M, =4.96, it was found
that wf(MR — RR) = 30.9 deg, of(RR — MR) =372 < o] =
39.3 deg, and w{" ~ 34.4 deg, in contrast to the value 35.5 deg,
which was reported previously. The average time duration of the
existence of the transient regular reflections Az was found to be 0

forw; > 38.6deg, 12.5 s for 35.1 deg, 57.5 s for 34.8 deg, and — oo
for < 34.4 deg. Finally, both w;"(RR ~> MR) and w{" depend on the
dimensions of the wedges.
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Introduction

LANCING shock-wave/turbulent-boundary-layer interaction,

in which an oblique shock wave glances across a boundary
layer growing along an adjacent wall (see Fig. 1), constitutes one of
the most important phenomena of three-dimensional interference.
Several studies of this phenomenon have been conducted recently
with the objective of correlating the glancing-interaction features
induced by unswept sharp fins (USF) at different Mach numbers
with various wedge angles,' and subsequently deducing relation-
ships between the interactions produced by several geometrically
dissimilar shock generators such as USF, swept sharp fins, and semi-
cones (SC).2 The families of swept sharp fins and SC induce conical
inviscid shock waves, which have curvature, whereas the USF in-
duces a planar shock wave. However, in most of the previous studies,
shock-wave strength given solely by inviscid shock angle has been
considered to correlate the interaction features even when the types
of shocks differ.

In this study, angles of primary separation lines induced by three
disparate families of shock generators (Fig. 1)—USF, SC, and swept
triangle fins (STF)—are emphasized, and relationships among the
three families are investigated by considering the inviscid pressure
field in the interaction region. A correlation law useful for predicting
the separation angles, which takes into account the shock-curvature
effect, is then postulated.
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Primary Separation Lines and Their Angles

The primary separation line is one of the most easily discerned
features of the interaction footprint obtainable by surface flow visu-
alization. The separation angle B, is defined as the angle formed
by the primary separation line and the incoming freestream di-
rection. For the cases of USF and SC, experimental data sets are
available.'~ For STF, parametric experiments have been carried out
at Aoyama-Gakuin’s 8 x 10 cm? supersonic wind tunnel using STF
with o = 12, 18, and 24 deg and A = 15, 30, and 45 deg. All tests
were conducted at M = 2.50 + 1.2%, Re = 3.74 x 10" /m + 3.0%
and under nearly adiabatic wall-temperature conditions. The test
boundary layer, whose thickness § was 5.0 mm, was fully turbulent
with very little spanwise variation. All STF employed in the present
study have an « remarkably smaller than 90 deg — A). Hence the ge-
ometry is treated as a fin rather than as a swept compression corner.
Details of these experiments are described elsewhere.f

Angles of Shock Waves and Pressure Increases
Across the Shocks

To correlate B, caused by disparate shock generators, previous
investigations® have employed the angle of the inviscid shock trace
on the test surface 8, (Fig. 1); B, can be calculated easily for USF
and SC, using oblique shock theory and Taylor-Maccoll theory, re-
spectively. For STF, a shock-angle-prediction method developed by
Koide et al.” can provide 8, for wide ranges of &, A, and M.

In addition to the shock angle, inviscid pressure rise across
the shock has been calculated for USF, SC, and STF to consider
the shock-curvature effect. Figure 2 presents an example of the
corresponding pressure rise along a line labeled Y. The three cases
were calculated for a constant 8, (31.7 deg) at a fixed M (2.46).
Pressures for USF and SC were calculated using the same theo-
ries applied for 8,, whereas an Euler computational fluid dynamics
(CFD) solver developed by Griesel”* was employed for STF. Be-
cause the CFD solver is based on a shock-capturing method, the STF
inviscid shock has a certain width. Hence, a finite pressure gradient
exists at the STF shock location. To create the same 8, under a fixed
M, the half-apex (or wedge) angle « must be increased as the radius
of the shock curvature decreases (USF — STF — SC).

In the case of planar shock induced by USF, the pressure rise
across the shock takes the form of a step. But in the case of con-
ical shock, to which SC and STF belong, the pressure behind the
shock increases gradually toward the generator surface because of
the conical nature of the flow. Because S, remains constant, the
pressure just behind the shock, PR,, remains constant and, for a
specific-heat ratio of 1.4, is (7M? sin* 8, — 1)/6. (In the following,
PR indicates a nondimensional pressure divided by the undisturbed
incoming pressure.) The difference between PR, and the overall
pressure rise PR, (Fig. 2) tends to increase with decreasing radius
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Fig. 1 Schematic views of several types of glancing interactions.
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Fig. 2 Inviscid pressure increases across the shock waves induced by
USF, SC, and STF, calculated for 3, = 31.7 deg at M = 2.46.
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Fig. 3 Correlation of the separation angles in terms of 3, and M.

of shock curvature. This difference should have a certain influence
when the shock interacts with a boundary layer.

Correlation of Separation Angles

Using the separation angles and the inviscid-flow features de-
scribed above, the correlation of 8, with the inviscid flowfield was in-
vestigated. Figure 3 shows, in A, (= 8, — f,) and M,,(= M sin 8,)
coordinates, a comparison between angles of f, induced by the three
families of shock generators. USF (open symbols) show tendencies
different from SC (solid symbols). Data points for STF (labeled x)
are located between those for USF and SC. In Fig. 3, §, and M
are the only parameters taken into account in the correlation. How-
ever, as remarked in Fig. 2, the shocks resulting from USF, SC, and
STF have different curvatures, and induce different behavior of the
inviscid-pressure rise. The data correlation of Fig. 3 is shown to be
improved when the curvature effect is taken into account.

To introduce the curvature effect, attention was focused on the
overall pressure rise PR, shown in Fig. 2. For SC, PR,,, can be ob-
tained by applying Taylor—Maccoll theory. Unlike the casc of SC,
PR,, cannot be found using a known simple method for STF. How-
ever, the same correlation procedure developed for predicting aver-
aged pressure rise for STF® also can be used to obtain PR,,. Using
computed values of PR, for STF with 8 Lo < 17 deg, 30 £ 1 £ 60
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Fig.4 Improved correlation of the separation angles in terms of overall
pressure rise.

deg, and 2.0 < M < 3.5, the value of PR, has been shown to be
accurately predicted using the equation

PR,, = mPR,[—0.06865 + 0.2189¢ + 0.2803&2

—0.05|M —2.5|(/2 — £)1/(26) 1

where PR, is the two-dimensional oblique shock pressure ratio
based on a flow-deflection angle of « (cf., PR, is the shock pressure
ratio based on B,) and & is tan~'[1/(sina tan A)] (in radians; see
Fig. 1¢). Equation (1) provides values within 3% of the correspond-
ing CFD values.

Each group of data shown in Fig. 3 can be expressed by a
hyperbolic function, with each function having a vertex at about
1.3 (intersection between the function and the abscissa of Fig. 3).
The angle A, appears to be approximated by c; M? (M? — 1,3%)!/2,
where ¢, is a constant and the power b, which varies with the fin
geometry, is 0 for USF and nearly 1 for SC. Using Taylor-Maccoll
theoretical values, PR,, for SC has been shown to correlate with
M2 and M? is directly related to PR,. Hence, PR,,/PR, is on
the order of M225/M? = M. By dividing AB, by (PR,,/PR,)*,
in the case of SC, the hyperbolic function can be simplified as
Aﬂ.\'/(PRna/PRn)4 ~ Can(M,% - 1~32)1/2/(M,(,)A25)4 = CI(M3 -
1.3%)1/2, As shown in Fig. 4, the parameter AB,/(PR,,/PR,)* has
caused not only SC data but also STF data to approach that of the
USF group. Finally, the relationship

AB, /(PR /PR,)* = 7.8/M2? —1.32 )

(depicted by the solid line in Fig. 4) has been employed to predict the
separation angles §,. The separation angles g, predicted by Eq. (2)
has been shown to be fairly accurate [within 2 deg (1 deg) of the
corresponding experimental value for nearly 90% (70%) of the data
points in Fig. 4]. This method can provide a rapid and reasonable
estimation of the location of primary separation.
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Nomenclature

Mach number

angle of shock to freestream flow

ratio of specific heats

angle included between model and shock
density

= upstream of shock

= downstream of shock

11

N - R,
It

Introduction

UPERORBITAL expansion tubes are being developed at the
University of Queensland to generate flows faster than Earth
orbital speeds.! They are capable of producing enthalpies far greater
than those of existing ground-based testing facilities (free piston-
driven shock tunnels and conventional expansion tubes), which en-
ables the aerodynamic study of vehicles designed to return to Earth’s
atmosphere or enter the atmosphere of other planets.
Accompanying the development of these facilities is the require-
ment for reliable instrumentation capable of performing measure-
ments within the short test times, typically up to 100 us. Optical
techniques offer this capability, providing nonintrusive measure-
ments recorded over submicrosecond laser pulse durations. One
well-established diagnostic method is interferometry, which records
gas density variations over the whole field of view in a manner that
can be interpreted both qualitatively and quantitatively. A relatively
new form is holographic interferometry. In an early practical ap-
plication to gas dynamics, holographic interferometry was used to
study supersonic air flow around cones ina wind tunnel, as described

Received Nov. 20, 1995; accepted for publication Feb. 19, 1996. Copyright
© 1996 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved.

*Postgraduate Student, Department of Physics and Department of Me-
chanical Engineering.

*Research Fellow, Department of Physics.

fAssociate Professor, Department of Physics.

§Postgraduate Student, Department of Physics.

Iprofessor, Department of Mechanical Engineering. Associate Fellow
ATAA.

** Associate Professor, Department of Mechanical Engineering. Member
ATAA.



