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Mach Number Effects on Conical Surface Features
of Swept Shock-Wave/Boundary-Layer Interactions

F. K. Lu* and G. S. Settlest
Pennsylvania State University, University Park, Pennsylvania

and

C. C. Horstmani
NASA Ames Research Center, Moffett Field, California

An experiment and some computational comparisons are described concerning the shock-wave turbulent
boundary-layer interactions generated by sharp fins, with emphasis on Mach number effects. The Mach number
range is from 2.5 to 4, and the unit Reynolds number is from 50 to 80 x 10/m. Fin angles are varied from 4
to 22 deg. Surface flow patterns are obtained using a color surface-flow visualization technique. The results show
that the ‘‘upstream-influence response’’ in the conical far-field region is a function of the freestream Mach
number and the shock strength. A new interpretation of the behavior of the upstream influence with changes of
the inviscid shock angle is given. Variations of the interaction response with Mach number are observed to be
due almost entirely to the shock strength, and not to compressibility effects on turbulence, over the Mach number
range considered. The overall agreement between the experimental and computed interactions is good, though
the computation underpredicts the upstream influence line somewhat for the stronger interactions.

Nomenclature

a,b = constants in power of Re; in Reynolds number scaling
law, Eq. (1a)

cr = incoming boundary-layer skin-friction coefficient

ki,k, = constants in 8y correlation, Eq. (3)

(/;,1,) = orthonormal coordinates based on inviscid shock-
wave trace on test surface, (Fig. 2b), mm (in.)

L, = nondimensional distance measured normal to inviscid
shock-wave trace on the test surface, = (/,/6) Ref

L; = nondimensional distance measured along inviscid
shock-wave trace on the test surface, = (/,/6) Re?

M, = Mach number normal to inviscid shock-wave trace on
test surface, = M, sinf3,

M, = incoming freestream Mach number

M, = freestream Mach number downstream of shock

p, = stagnation pressure of incoming stream, MPa (psia)

P = incoming freestream static pressure, MPa (psia)

Do = freestream static pressure downstream of shock, MPa
(psia)

D = inviscid pressure ratio across shock, = p,/p;

r = distance measured from the virtual origin, (Fig. 2b),
mm (in.)

Re = unit Reynolds number, m~! (/ft)

Re; = Reynolds number based on the local, undisturbed
boundary-layer thickness

T, = wall temperature, K (°R)

T, = freestream stagnation temperature, K (°R)
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Y = angle made by fin with respect to the incoming
freestream direction, deg

B = angle made by surface-flow features with incoming
freestream direction, deg

Bo = angle made by inviscid shock-wave trace on test
surface with incoming freestream direction, deg

ABy = (By— IJ'OO)7 ng

A8, = *(Bo - Iv‘oo)’ deg

] = local, undisturbed boundary-layer thickness, mm (in.)

6* = local, undisturbed boundary-layer displacement
thickness, mm (in.)

[ = local, undisturbed boundary-layer momentum thick-
ness, mm (in.)

K1,k = constants in scaling of A8y with AB,, Eq. (12)

= fin leading-edge sweepback angle, deg

ke = Mach angle of the incoming freestream,
deg, = arcsin(1/M.)

II = incoming boundary-layer wake-strength parameter

Subscripts

i = inception

U = upstream influence

max = highest fin angle-of-attack

o = incoming freestream conditions

Introduction

HOCK-WAVE boundary-layer interactions continue to be

studied as both basic and practical problems of high-speed
fluid dynamics. Although research on such problems in the
past concerned mainly two-dimensional interactions, the last
decade or so has seen progress on the problems of three-dimen-
sional interactions as well. This topic was recently reviewed by
Settles and Dolling,! who broadly divided three-dimensional
shock-wave/boundary-layer interactions into semi-infinite
and non-semi-infinite classes. Within the semi-infinite class is
a subclass of dimensionless interactions of which a shock gen-
erator mounted perpendicularly to a flat surface forms an
archetypal family (Fig. 1). This geometry is also commonly
called called a ‘‘fin,”’ with obvious connotations.
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Brief Review of Related Studies

For practical reasons, past experimental studies of fin-gen-
erated interactions have concentrated on those involving tur-
bulent boundary layers. A useful basic technique in these stud-
ies is surface-flow visualization; an example of such a
surface-flow pattern is shown in Fig. 2a; the key features in
Fig. 2a are identified in Fig. 2b. The fin, placed at an angle «
to the incoming stream, generates an inviscid shock wave that
impinges on the test surface at an angle 8,. The upstream
influence line is the location of the onset of the interaction.
The *‘separation line,”” if it occurs, is characterized by a con-
vergence of the surface streaks. This is believed to indicate that
an open boundary-layer separation exists. Associated with the
separation line is an attachment line. Within the separated
region bounded by the separation and attachment lines is a
strong swept vortical flow. Separation occurs only when the
shock provoking the interaction is sufficiently strong. Early
studies showed that the incipient separation condition occurs
when M, = 1.2 or, equivalently, p, = 1.5. For the strongest
interactions a ‘“‘secondary separation’’ line is also observed,
although not much is known about this phenomenon.

Settles and Lu? found that the surface-flow pattern in fin-
generated interactions revealed an initial ‘“‘inception region”’
near the fin leading edge and a far-field region further away
(Fig. 2b). The surface features in the far field appear to radiate
from a ‘‘virtual origin,’”’ thus displaying conical symmetry.
This conical symmetry was also found analytically by Inger?
and was alluded to by Hayes* and Zubin and Ostapenko® in
their experimental studies. Inger found that although the
boundary-layer growth cannot be conical, the conical nature
of the inviscid freestream nonetheless forces the interaction to
tend toward a conical form in the far field. From the experi-
mental studies, therefore, an appropriate coordinate system to
qualify the surface features of such interactions (at least for
the region between the upstream influence line and the inviscid
shock-wave trace) is a polar coordinate system (7, (3) centered
at the virtual origin, as illustrated in Fig. 2b.

An excellent approximation to the polar coordinate system
described is an orthonormal coordinate system (s, I,), also
shown in Fig. 2b. In this coordinate frame, / is distance mea-
sured along the inviscid shock-wave trace on the test surface
and [, is distance measured normal to /;.

Dolling and Bogdonoff® and Settles and Lu? found that the
upstream influence line in a Mach 3 fin-generated interaction
obeys the following Reynolds number scaling law:

/
[—;Reg‘] u/M" =f<[l—;Re§’] u> (1a)

L,
Belo _ pizaaw) (b

or

In Eq. (1a), the empirically derived constants @ and b were
both found to be equal to ¥5. Equation (1b) was further found
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Fig.2 Surface-flow visualization results: a) example at Mo, = 2.95,
a = 15 deg; b) sketch showing key surface features.

to hold for fins with swept leading edges. Subsequently, Set-
tles? found that the nondimensional inception length to conical
symmetry for Mach 3 fin-generated interactions, Ly, is related
to 8, by

L, ~ 1130 cotB, )

Thus, Settles’ identified the dependence of /;,, on both viscous
and inviscid parameters.

There have been attempts to understand the behavior of the
observed surface-flow-pattern features in the conically sym-
metric region.23-1° Basically, these studies found that the
salient indicator of interaction ‘‘response,’’ the upstream-in-
fluence angle By, could be expressed as

Bu =kiBo — k2 3)

where k, = 1.74 and is independent of Mach number and ky is
a decreasing function of Mach number.!® A more physical
correlation, based in part on Eq. (1b), was given by Settles and
Lu? for Mach 3 interactions as

By — B,) = arctan(0.26 sinf,) @)

The linearity of 8, with 3,, expressed by Eq. (3) or (4), appears
valid for fins with swept as well as unswept leading edges over
a limited range of fin angle o.

The study by Settles and Lu? also found that other key
surface feature angles, such as 8gi, 841, and Bg, (see Fig. 2b),
increase with shock strength. In addition, just as for 8y, these
angles, obtained with upright fins, correlated with those ob-
tained with fins having swept leading edges. Settles and Lu
concluded that planar or weakly curved inviscid shocks of the
same (B, produce essentially equivalent interactions. This is
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because the effect of the shock is a local one in the immediate
vicinity of the boundary layer. In this local region, the inviscid
shocks have large radii of curvature, regardless of fin leading-
edge sweepback.

Other than experimental studies, numerical predictions of
the interaction using approximations to the Navier-Stokes
equations were recently performed by several investigators,
including Horstman.!! Horstman’s results revealed that a flat
vortex exists when the boundary layer is separated, a fact that
agreed with experimental observations.2® The computed skin-
friction lines and surface pressure distributions also showed
that the far-field surface features are conically symmetric.
Some quantitative disagreement between the computed and
measured interaction scales has been found, however, espe-
cially for stronger interactions. This issue will also be ad-
dressed in the present study.

Present Study

As noted, fin-generated interactions have been relatively
well-studied at Mach 3. However, no comprehensive study has
been done through a wide Mach number range. The effect of
Mach number on the interaction is, therefore, an important
unknown. Previous studies, ranging from Mach 2-11 (such as
Refs. 4 and 12-14), are generally inadequate for this purpose
in that insufficiently detailed measurements were reported.
This is especially so of the upstream influence, even though its
determination is important in both practical and theoretical
terms.

In addition, most fin interaction studies were done at one or
two Mach numbers only and were thus unable to reveal Mach
number trends. Some studies were also contaminated by wind-
tunnel sidewall interference or were carried out within the
inception zone. Data for such experiments obviously cannot be
correlated using the otherwise powerful concept of conical
symmetry.

A new experimental program was thus begun at the Pennsyl-
vania State University Gas Dynamics Laboratory to explore
fin-generated turbulent interactions through a Mach number
range of 2.5-4. Concurrently, Navier-Stokes solutions were
performed at NASA Ames Research Center to judge the ability
of the state-of-the-art computational techniques to predict
such flows. The goals of this joint program are 1) to gain a
physical understanding of the effect of Mach number on these
interactions in the supersonic range, 2) to provide ‘‘bench-
mark’’ data for code validation purposes, and 3) to test the
performance of current computational fluid dynamics meth-
ods in predicting these complex flows and guide the way to-
ward computational improvements. This paper reports the
first phase of this research program, which concentrates on the
far-field upstream influence of fin interactions as revealed by
surface-flow visualization.

Experimental Methods
Wind Tunnel and Test Models

The experimental study was done in the Supersonic Wind
Tunnel Facility (SWT) of the Pennsylvania State University
Gas Dynamics Laboratory. This wind tunnel is a blowdown
type with a nominal Mach number range from 1.5-4. The
variable Mach number capability is achieved by way of an
asymmetric sliding-block nozzle. The SWT has a test section
150 mm (6 in.) wide, 165 mm (6.5 in.) high, and 610 mm (24
in.) long. (Further description of the wind tunnel and the
experiments can be found in Ref. 15.)

For the present tests, a flat plate, 500 mm (19.5 in.) long,
spanning the tunnel, was mounted in the test section to provide
the interaction test surface. An equilibrium turbulent
boundary layer formed on this plate with natural transition
typically occurring within 1 cm of the leading edge. A fin
model with a 10 deg sharp leading edge was placed with its tip
216 mm (8.5 in.) from the plate leading edge and 26.2 mm
(1.03 in.) from the tunnel sidewall. The fin was 100 mm (4 in.)
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high, 127 mm (5 in.) long, and 6.35 mm (0.25 in.) thick. The
fin height of about 306 was, therefore, sufficient to insure that
the interaction was a semi-infinite one.!»'® The length of the fin
was chosen to provide the maximum interaction extent while
allowing sufficiently large angles of attack to be obtained with-
out stalling the wind tunnel.

The fin was held tightly onto the flat plate by a fin-injection
mechanism mounted on the tunnel sidewall. A rubber seal at
the bottom of the fin insured that no leakage under the fin
occurred during the tests. The fin-injection mechanism pneu-
matically injected the fin to a present angle of attack o once
test conditions were established. This was necessary only for
tests with « larger than approximately 14 deg. At lower angles
« was fixed before the run. In the experiments a ranged from
4 to 22 deg, the largest value being limited by tunnel stalling.
The fin angle was determined to 0.1-deg accuracy using a
machinist’s protractor.

Test Conditions

The Mach numbers of the experiments were 2.47, 2.95, 3.44,
and 3.95. The incoming freestream conditions at these Mach
numbers are summarized in Table 1, where the + percentages
indicate repeatability in terms of the ensemble-average stan-
dard deviation for all tests at a given Mach number. Since the
wind tunnel is a blowdown type, the stagnation temperature
decreased somewhat during a run. Typically, for a run of
about 20 s, the stagnation temperature T, dropped from 300 K
(540°R) to 290 K (520°R). The nominal freestream unit
Reynolds number Re was held relatively constant throughout
the Mach number range at 50-80 x 106 m~! (15-24 x 105/ft). In
order to achieve this, the tunnel stagnation pressure p, had to
be increased with Mach number, as can be seen from Table 1.

Figure 3 is an example of an undisturbed plate-centerline
boundary-layer velocity profile in law-of-the-wall coordinates.
The figure also shows the Sun-Childs!” wall-wake curvefit to
the data. Detailed surveys along the flat plate centerline and 38
mm (1.5 in.) to each side showed that the boundary layers were

Table 1 Incoming freestream conditions

M, Do, MPa T, K Re x 1076, m~!
(psia) (°R) (/1)
2.47 £0.1% 0.54 £ 2.0% 295 + 0.9% 53.8 £ 0.9%
(78) (531) (16.3)
2.95 + 0.3% 0.76 + 2.7% 295 + 0.9% 58.9 +1.9%
(110) (531) (17.8)
3.44 + 0.2% 1.03 +3.0% 295 + 0.8% 64.0 + 1.7%
(150) (531) (19.4)
3.95 +0.4% 1.58 + 5.0% 295 + 1.3% 75.8 = 1.7%
(230) (531) (23.0)
30
~
4 Mo =295
1 X = 280 mm
§ = 42 mm
2B ¢ = 000157
1 m=o05

10 T T T T
2 3
10 10 Y 10

Fig. 3 Undisturbed boundary-layer profile.
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Table 2 Incoming boundary-layer parameters

Mo 2.47 2.95 3.44
8, mm 3.60 +0.14 3.63 £0.04 3.24 + 0.06
8*, mm 0.82 + 0.02 0.93 £ 0.11 0.92 + 0.05
¢, mm 0.22 + 0.004 0.19 +0.02 0.15 =+ 0.01
cr x 10° 1.78 + 0.07 1.64 +0.12 1.51 + 0.40
It 0.63 +0.25 0.58 £0.22 0.51 + 0.06

two-dimensional. The boundary layers were turbulent and in
equilibrium at the test region and were at approximately adia-
batic conditions. The incoming boundary-layer parameters,
measured at x = 0.229 m (9 in.) downstream of the flat plate
leading edge, are given in Table 2. Note that these tabulated
parameters were obtained from wall-wake curvefits to the data
and that no data are shown for Mach 3.95 since boundary-
layer surveys have not been completed at that Mach number.
A more detailed discussion of the test boundary layers is avail-
able in Ref. 15.

Experimental Technigues

Temperature data from thermocouples and pressure data
from pressure transducers were digitized and stored in a micro-
computer. The computer was used to display tunnel conditions
during a test as well as to analyze data. Further data analysis
was performed on a mainframe computer.

The surface-flow features were visualized using a kerosene-
lampblack technique.'® In addition, an improvement over this
well-tried technique used powered colored chalk as the pig-
ment material in a kerosene carrier.The colors helped to distin-
guish some of the important features of the surface flow,
particularly the separation line. Spatial data obtained from
full-size undistorted images of the surface pattern (preserved
on matte acetate tape) were accurate to 0.5 mm (0.02 in.); these
data were also digitized and stored in a microcomputer for
analysis. Angular data were accurate to = 0.5 deg for stronger
interactions,but this accuracy was found to be as poor as + 3
deg for weak interactions due to the difficulty in discerning
weak surface-flow features.

The surface-flow visualization technique reveals only the
average skin-friction lines of the interaction. It is recognized
that such turbulent interactions fluctuate locally over a broad
frequency range,' though the fluctuation scale is observed to
be much smaller than the global scale of the interaction. In
particular, recent work by Gramann and Dolling!® indicates
that the zone between the surface-flow upstream influence and
‘‘separation’’ lines is actually characterized by intermittent
flow separation. Since the present goal concerns the overall
interaction scaling rather than its unsteadiness, the mean data
shown here do not conflict with this view of the interaction as
an unsteady process.

Computations

The computations, using the MacCormack explicit, second-
order, predictor-corrector, finite-volume method, solve the
Reynolds-averaged Navier-Stokes equations with a two-equa-
tion k-e turbulence model.!! A detailed description of the
boundary conditions imposed around the borders of the com-
putational domain can be found in Reference 20. Briefly, the
freestream and boundary-layer conditions at the upstream
boundary of the computational domain were chosen to match
those of the experiment. No-slip, adiabatic-wall conditions
were applied at all solid surfaces. On the flow boundary oppo-
site the fin, spanwise gradients of flow variables were set to
zero, while on the upper flow boundary the normal compo-
nents of flow variables were set to zero. The shock wave passed
through the downstream boundary of the domain, where
streamwise gradients of the flow variables were set to zero.

Computations were made at Mach 2 and 4 for interactions
generated by o = 5, 14, and 20 deg fine. Furthermore, for the
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Fig. 4 Upstream influence (raw data).

first time, computations of a swept leading-edge fin-generated
interaction were made. Two cases at Mach 3 were considered,
namely, interactions generated by an « = 15 deg, A = 20 deg
fin and an o = 15 deg, A = 40 deg fin.

Upstream Influence

Discussion of Experimental Results

As a first step in the data analysis, the raw (3, data are
plotted in Fig. 4 against 8,. The line 8y = B, in the figure
amounts to a lower bound for vanishingly weak interactions.
At the other extreme, the largest value of By for a given M.,
by extrapolation of data, is presumed to correspond to the
largest o before inviscid shock detachment, o For M, >2,
B, is almost constant ( = 65-68 deg) for fins at the angle a,y.
Therefore, the range of 3, that can be generated by a variable-
angle fin widens as M, increases because of the decrease of u.,
rather than any increase of the maximum shock angle. The
result is that 8y also has a wider available range of values at
higher M.,.

Figure 4 further shows that, at a given 3,, By increases with
M,,. To obtain the same 8, requires that « increase with M,,.
This, therefore, implies that 8, in fact increases with the
strength of the interaction, regardless of M. Conversely, for
a given «a, By decreases with increasing M. In other words, as
M, increases for a given «, the interaction extent (in angular
terms) decreases. Furthermore, since the inviscid shock pres-
sure ratio increases with M, for a constant a, there will
be larger interaction pressure gradients as M, increases be-
cause the pressure rise has to occur over a smaller angular
extent. This explain why boundary-layer separation is ob-
served to occur at lower o as M, increases, a fact that is well
documented.!>142

Dimensional Analysis

In attempting to formulate a Mach number scaling law for
Bu, it is appropriate to begin with dimensional analysis. The
functional dependence of 3, on the controlling parameters can
be written as

BU :fU(ls’(ssReé,MmyBO) (5)

for given T, /T, conditions. Note that the fin geometry, given
by a, is implicit in 3, since the inviscid shock-wave trace de-
pends on the fin geometry as well as on M... Equation (5) can
be conveniently rewritten as

BU(LS) =fU(ReéaMm9BO) (6)

Since the present study examines Mach number effects, Re; is
held approximately constant so that its influence may be ne-
glected. Additionally, in the conical far-field region where
L,>L,, the explicit geometrical dependence can also be
dropped since the effect of fin geometry is felt directly only in



JANUARY 1990

the inception zone. Equation (6) is, therefore, simplified to

Bu(Ls>Ly) = fu(Me,B,) Q)

For convenience, the argument of 3 is omitted in the subse-
quent discussion.

For extremely weak interactions, when 8, — uo, is is postu-
lated that 8y — ., is a limiting condition on Eq. (7). (Experi-
ments under such circumstances are scarce and difficult to
perform and the results have large scatter.) Equation (7) is thus
réwritten to reférence both 3, and 8y properly to their limiting
values:

(BU - I"oo) =fU[Mma(Bo - ”‘m)]

or, simplifying the notation,
ABy = fuMx,A8,) ®

where AB;; amounts to a reduced upstream influence response
function while AS, is a reduced shock-strength function.

Physical Initerpretation of Upstream Influence Sealing

To understand the physics behind the functional relation-
ship given by Eq. (8), it is necessary to begin by examining the
classical oblique-shock relationship bétween 8,, o, and M.,
which is a rather complicated one in general:

Q+OME 1]

cota = tanf, [m 9)

Note that this 8, = 8, (¢, M) relationship defines a surface in
3-space of which the appropriate segment for the limited range
of the present experiments is almost planar. By inspection, the
B,-a curves in this region are approximately parallel to each
other and are offset from the a-M,, plane by the Mach angle
Ho: Thus, subtracting u. from B, in effect ‘‘rotates’’ the 3,
surface so that the local region of interest is parallel to the

25
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1510 2.95 7
AB, | & 3.44 -
deg. 10} © 3.85 /'//’/
BB, = 0.7a
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a, deg.

Fig. 5 Reduced shock angle vs fiii angle of attack.
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Fig. 6 Reduced upstream influence angle vs fin angle of attack.
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direction of view. This is shown in Fig. 5. A second-order
least-square regression of Eq. (9) for 2.5<M,<4 and
0<a<22 deg yields

AB, = 0.7 + 0.011a? 10)

Equation (10) conveniently expresses the fact that 8,, refer-
enced to p., grows nonlinearly with « in the region of present
interest.

The upstream influence angle response function Afy, plot-
ted as a function of «, is shown in Fig. 6. According to the
present experiments, it can be observed that ABy grows linear-
ity with a. Except for a small M, effect, the data approx-
imately follow

ABy =1.5Ta (1)

The physical reason for this linear behavior of A8y with «, as
compared to the nonlinear behavior of AB, with «, is not
entirely clear at present. It can be noted, however, that even
for separated interactions, the upstream influence line marks
the upstream extent of a compression-wave system in the inter-
action that coalesces into the forward leg of the familiar
““lambda-foot’’ shock structure. This compression is always
expected to be weak compared to the inviscid shock because
the flow deflection away from the test surface for separated
interactions is limited to 8-12 deg. If sufficiently weak, this
compression at the upstream limit of the interaction might be
modeled by a linearized theoretical description. Though this
has not been done in the present study, it lends some physical
significance to the observed linearity of ABy with a.

The linear growth of ABy with « and the nonlinear growth
of AB, with «, together, dictate ABy and AB, cannot be linearly
related. This is illustrated in a plot of ABy vs AB, in Fig. 7. This
figure shows that AS; depends primarily on AS, with a very
weak secondary M, dependence, confirming the results of the
dimensional analysis obtained earlier. Thus, to a good approx-
imation, Eq. (8) ¢an be simplified to

ABy = fu(AB,)

over the present range. Figure 7 also shows that, for weak
interactions, ABy is more than twice as large as A8, although
the growth rate of ABy decreases with increasing A3, .

Data scatter in earlier experiments at a single Mach number
did not clearly reveal the behavior shown in Fig. 7. Many
investigators, including the present authors,?3-1% modeled the
upstream influence behavior linearly by Eq. (3). The nonzero
intercept k, was rationalized through arguments claiming
rapid interaction growth for very weak shocks. The present
results show that the assumption of a linear By growth with 3,
is nonphysical. Sucli an assumption is only approximately
valid for a limited range of 3,, as seen in Fig. 7, failing at both
the weak and strong limits of shock strength. To replace this
faulty assumption, from a second-order curvefit to the data, it

40 ~
M INITIAL e v
® LINEAR GROWTH
304+ O 2.47 pe
O 2.95
A 3.44 L5
1 v 3.95 e
8By, 20 y
deg. //’//
g 10l » ///«—-Aﬁu = Aﬁo
O T 2
S ABy = 2.288,, — 0.027A8
0 4= t + t .
0 5 10 15 20 25

AB . deg.

Fig. 7 Scaling of reduced upstream influence and shock angles.
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Fig. 8 Scaling of computed upstream influence and shock angles.

is proposed that
ABy = kAR, ~ KzAB:?; (12)

where k; = 2.2 and «; = 0.027. This equation demonstrates the
nonlinear growth of 3, with 3, and accounts for variable Mach
number (to first order) by referring both 8y and 8, t0 pe.
[Note that no particular physical significance is given to the
polynomial form of Eq. (12) and that a trigonometric or other
dependence would serve as well.}

Equation (12) cannot be extrapolated beyond the present
experimental range, since doing so would eventually result in
Bu being less than 3,, a physically impossible situation. It is;
however, hypothesized that in the extreme case of every strong
interactions, 3y will approach 3,. This limit is also shown in
Fig. 7.

Comparison with Computations

As for the present computational solutions for 2< M, <4,
Fig. 8 shows that although the computed ABy correlates with
AB,, the computed results fall below the experimental data.
This implies that the computations underpredict the far-field
interaction extent. Figure 8 also reveals that the computed
results for weak interactions generated by o = 5 deg fins are
within the experimental data scatter. However, for large «, in
which the separated region is also large, the computations are
less successful in determining the interaction extent. This can
also be seen in a comparison between the experimental surface-
flow visualization results (Fig. 9a) and the computed surface-
friction lines (Fig. 9b). It is obvious from these figures that the
computed (B is smaller than the measured value.

Reasons for this discrepancy, considering both the grid res-
olution and turbulence model of the computation, have re-
cently been discussed by Horstman.? Briefly, a significant
mesh refinement fails to increase the computed upstream in-
fluence of the interaction significantly. However, the use of a
nonlinear turbulence model does increase the upstream influ-
ence slightly, though not enough to bring it into agreement
with the present experiments. The complete explanation of this
persistent underprediction remains unknown and is the subject
of continued study.

Other Correlating Parameters

There is evidence prior to this study that the upstream influ-
ence location is a strong function of shock strength,! although
this evidence is based on studies at one or two Mach numbers.
The present study shows that to account for the Mach number,
the appropriate shock-strength parameter must be directly de-
pendent on « and p. with an otherwise negligible M., depen-
dence. Are there other shock strength parameters that might
also be suitable? The shock-wave pressure coefficient
C, = 2(p, — 1)/yM?2 is one such candidate. However, C, has a
Mach number dependence in that C, = f(«, M), so it is not
a suitable parameter. Other parameters that do show the de-
sired behavior with respect to « and M, are, for example,
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a) b)

Fig. 9 Comparison between experimental and computed skin-
friction lines at Mo = 4, a = 20 deg: a) experiment; b) computation.

M, -1)/M, (p, —1)/M, and A = (M/M,— 1), a parameter
used successfully in two-dimensional impinging shock interac-
tions.?* The reason these parameters can be used is, once
again, that they are weak functions of M, (at least for the
Mach number range of the present study).

Final Remarks

The present study shows that the Mach number effect on 8y
is simply accounted for by referencing 8y and 3, to the Mach
angle. Physically, this result stems from the nature of the 8, («,
M,) relationship, wherein the only effect of M, enters
through u. for the present range of variables. The residual M.,
trend of the data in Fig. 7 is extremely weak, such that it is
within the overall data scatter. It may be concluded that the
upstream influence response to compressibility effects on the
turbulent boundary layer for 2.5 < M,, < 4 and adiabatic-wall
conditions is of second-order importance and thus may be
neglected.

An examination of Fig. 7 reveals that a linearized theoretical
approach to the upstream influence problem might be feasible
for weak interactions., However, significant deviation from
the initial linear growth occurs for a>5 deg. At the other
extreme, for very strong shocks, 8y is expected to approach 3,.
The present study, therefore, also answers some of the ques-
tions raised by Wang and Bogdonoff,>* Bogdonoff and
Wang,? and Stalker?® on whether these interactions are funda-
mentally conical or cylindrical. This answer is that, over a wide
range of AB,, the interactions are conical. For small values of
AB,, which result in small values of A, data scatter may give
the impression of cylindrical symmetry. Unfortunately, exper-
imental limitations prevent the present investigation and all
known prior studies from observing this limit.

Conclusions

The present study shows that the Mach number effect on the
far-field upstream influence line of fin-generated interactions
can be simply accounted for by referencing 8y and 3, t0 pe. It
further reveals that a suitable shock-strength parameter for
scaling ABy is a function of « and not explicitly of M. The
experimental results indicate that compressibility effects on the
turbulent boundary layer are of secondary importance. Com-
putations in the present Mach number range agree qualita-
tively with the experiments, especially in that far-field conical
symmetry of surface features is shown. However, the compu-
tations underpredict the angular extent of these features at
higher Mach numbers and shock strengths.
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