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Inception Length to a Fully Developed, Fin-Generated,
Shock-Wave, Boundary-Layer Interaction
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An experimental study of fin-generated, shock-wave, turbulent, boundary-layer interactions confirmed previ-
ous observations that, sufficiently far from the fin apex, such interactions become conical. For Mach numbers
from 2.5 to 4 and fin angles from 4 to 22 deg, the inception length to conical symmetry was found to increase
weakly with Mach number. Also, the inception length was found to depend primarily on the inviscid shock an-
gle, this angle ranging from 21 to 40 deg. The inception length decreased with shock strength and was small (ap-
proximately constant at three boundary-layer thicknesses in length) at the largest shock strengths encountered.

Nomenclature

a,b =1, constants in power of Re; in Reynolds-number
scaling law, Eq. (3)

M, =M, sin 8,, Mach number normal to the inviscid
shock-wave trace on the test surface

M, =incoming freestream Mach number

r, 8 =polar coordinate system centered at the virtual
origin, Fig. 2b

Re; =Reynolds number based on the undisturbed
boundary-layer thickness at the start of the
interaction

o =angle made by fin with respect to the incoming
freestream direction

B =angle made by surface-flow features with respect to

the incoming freestream direction

AB; =reduced upstream-influence angle, (8, — po)

AB, =reduced shock angle, (8, — uo)

] =undisturbed boundary-layer thickness at the start of
the interaction

Hoo =Mach number of incoming freestream, sin~! 1/M,,

&, 9, ¢ =orthonormal coordinate system based on the
inviscid shock-wave trace on the test surface, Fig.

2b
Subscripts
i =inception
U =upstream influence
0 =inviscid shock trace on test surface
o =incoming freestream conditions
Superscripts
()  =normalized by &
() =nondimensionalization, Eq. (3)
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Introduction

HOCK-WAVE boundary-layer interactions form an

important class of fluid dynamics problems because of
their ubiquitous presence in high-speed flight. These interac-
tions are conveniently divided into two-dimensional and three-
dimensional types based on the geometry inducing the interac-
tion. Three-dimensional interactions can be further classified
into dimensional and dimensionless interactions.? Dimen-
sional types have explicit geometrical length scales such as di-
ameter or a thickness whereas dimensionless types, obviously,
have no length scales except those due to the flow itself (such
as 8).

One basic configuration producing a dimensionless interac-
tion is a sharp-edged fin mounted on a flat plate. The fin, in-
clined at an angle « to an incoming stream of Mach number
M, generates a shock sweeping across an incoming turbulent
boundary layer (Fig. 1). (The inviscid shock generated by the
fin makes an angle of 8, with the incoming stream.) This
idealization represents practical configurations such as those
found at fin-fuselage junctions or in supersonic engine inlets.
Fin-generated interactions have been recently reviewed!?;
thus, the following review will be narrowed to the inception-
length issue under examination.

In a viscous flow, the fin-generated shock wave represents
an adverse pressure gradient that the boundary layer must
overcome. The interaction between two essentially disparate
flow phenomena, the shock wave and the boundary layer,
starts at the upstream-influence line. The upstream influence
is readily observed using surface-flow visualization.?* An ex-
ample of such a pattern is shown in Fig. 2a while its key
features are identified in Fig. 2b. In surface-flow visualiza-
tion, the upstream influence is detected by the onset of deflec-
tion of the incoming surface streaks.
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Fig. 1 Fin.
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Fig. 2 Surface-flow pattern in a fin-generated interaction.

The surface-flow pattern in a fin interaction shows an
“‘inception region’’ near the fin leading edge and a far-field re-
gion further away (Fig. 2b).°> Familiar examples of such near-
field and far-field behavior include pipe inlet flows, wakes,
and jets. In fin interactions, the surface features ahead of the
inviscid shock in the far-field appear to radiate from a virtual
origin, exhibiting “‘conical symmetry’’ (Fig. 2),5 whereas in
the region between the inviscid shock and the fin, conical sym-
metry is approximately valid. Cylindrical symmetry, on the
other hand, occurs where the far-field interaction is parallel to
the inviscid shock and can be found in other types of swept in-
teractions such as those generated by certain swept compres-
sion corners. ! ‘

A natural coordinate system for the conical features in fin
interactions is a polar coordinate system (r, 3) centered at the
virtual origin (see Fig. 2b). However, for convenience in data
reduction and interpretation, a Cartesian coordinate system
centered on the fin apex, with £ along the inviscid shock trace,
(¢, ¢) may be used instead. The reason that the (¢, {) coor-
dinate system approximates the (r, 8) system well is because
the included angle (8, — B,) is small, being typically less than
15 deg. ’

In the conical far field, a reduced upstream-influence angle
ABy,; scales with a reduced shock angle AB, for2.5 = M, < 4
and 0 = AB, = 20 deg, namely’:

ABy = 2.2A8, — 0.027A8,2 o))

For experiments where AB, < 5 deg, the poorly resolved
upstream influence line may give the impression of cylindrical
symmetry. In addition, some measurements were performed
inside the inception zone.®? These experimental difficulties
caused confusion over whether the interaction is conical or
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cylindrical, since most previous swept interaction studies were
not meant to address this issue specifically. Lu et al.” also
postulated that, at the large AB, limit, A8, — AB,, i.e., there
would be cylindrical symmetry in this limiting situation. Ex-
perimental limitations, however, have thus far prevented
observation of this behavior.

In a series of studies, %1012 the spanwise development of the
upstream influence was found to scale according to

Su/M, = f(§y) )
where

fuv = (£y/8)Re  §y = (fu/8)Ref ®)
Equation (2), with empirical constants ¢ = b = V5, was vali-
dated for Mach numbers from 2.5 through 4.!2 The cited ref-
erence identified the effect of the viscous parameters 6 and Re;
and the inviscid shock-strength parameter M, on the upstream
influence. Equation (2) also shows that M, and the (¢, {) coor-
dinate system effectively account for «, the geometry
parameter.

The inception point can be located at the departure of the
upstream-influence line from its far-field asymptote. (Details
on locating the inception point will be elaborated later.) At
M, = 3, Settles'® found that

&; = 1130 cotf, @

with £, = (£,/8)Re, being the nondimensional inception
length according to Eq. (3). Experiments tailored to examine
the far field should be performed outside this nondimensional
inception region. Inger'* found analytically that

& = C{; cotfy )

with the coefficient C = O(1) depending on Reynolds and
Mach numbers, incoming boundary-layer profile, wall condi-
tions, and shock-generator shape in general. Further, Eq. (2)
implies a constant nondimensional value of £; that was given
in Ref. 6 as

£, = 1600 6)

The different inception length scaling of Eqs. (4) and (6) re-
flect the fact that the inception zone and the far field merge
gradually so that the inception length may not be specified
with high precision.

To broaden our understanding of fin-generated interac-
tions, a study was recently completed covering a Mach number
range from 2.5 through 4.15 This paper presents results from
that data base pertaining to the inception length, especially
regarding its change with shock strength and Mach number.

Experimental Methods
Wind Tunnel and Test Models

The experiments were done in the Gas Dynamics Labora-
tory of the Pennsylvania State University using the Supersonic
Wind Tunnel Facility. This facility is a blowdown wind tunnel
with a test Mach number of 1.5 through 4, varied by an asym-
metric sliding-block nozzle. The test section is 150 mm (6 in.)
wide, 165 mm (6.5 in.) high, and 610 mm (24 in.) long. (Fur-
ther description of the wind tunnel and the experiments can be
found in Ref. 15.)

A flat plate 500 mm (19.5 in.) long, spanning the tunnel and
mounted in the test section, provided the interaction test sur-
face. On this plate was mounted a 10-deg sharp-edged fin serv-
ing as a shock generator. The fin 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.) high,
127 mm (5 in.) long, and 10.3 mm (0.404 in.) thick.
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Table 1 Incoming freestream conditions

M, P> MPa T,, K Re 1076, m~!
(psia) (°R) (/ft)
2.47 0.54 + 2.0% 205 + 0.9% 53.8 = 0.9%
78) (531) (16.3)
2.95 0.76 + 2.7% 295 + 0.9% 58.9 + 1.9%
(110) (531) 17.8)
3.44 1.03 = 3.0% 295 + 0.8% 64.0 = 1.7%
(150) (531) (19.4)
3.95 1.58 + 5.0% 295 + 1.3% 75.8 = 1.7%
(230) (531) (23.0)

Table 2 Boundary-layer parameters 216 mm (8.5 in.) from the
flat-plate leading edge

M,  § mm 6, mm .10 Jal

2.47 3401 021 %003 176+ 0.03 0.56 + 0.07
295 3201 0.8 +0.05 1.62x0.08 0.58 x 0.11
344 33 £01 016 005 1.54 %010 0.54 =+ 0.09
395 3201 013 +0.03 141011 0.56 = 0.10

The fin was held tightly onto the flat plate by a pneumat-
ically driven rotation mechanism mounted on the tunnel side-
wall. A rubber seal at the bottom of the fin prevented leaks
from developing during the tests. The fin was rotated to a pre-

determined o, accurate to = 0.1 deg, once test conditions were .

established. This was necessary only for tests with o = 14 deg,
whereas at lower angles « was fixed before the run. In the ex-
periments, « ranged from 4 to 22 deg, the largest value being
limited by tunnel stall.

Test Conditions

The experiments were performed at M, = 2.47, 2.95, 3.44,
and 3.95 (Table 1). Since the wind tunnel is a blowdown type,
the stagnation temperature 7, decreased from 300 K (540°R)
to 290 K (520°R) in a typical run of about 20 s. The nominal
freestream unit Reynolds number Re was held relatively con-
stant throughout the Mach number range at 50 to 75 x 106
m ™1 (15 to 23 x 105/ft). In Table 1, the values of the test con-
ditions and their standard deviations are not of ‘‘typical’’ runs
but are obtained from the ensemble of runs of each Mach
number throughout the test program. This is felt to provide a
better characterization of the tests that were performed over
an extended period.

The undisturbed boundary layers were two dimensional,
turbulent, and in equilibrium at the test region and were ap-
proximately adiabatic. Some centerline boundary-layer pa-
rameters based on wall-wake curve fits at 216 mm (8.5 in.)
from the flat-plate leading edge are listed in Table 2. No ex-
perimental data at M, = 3.95 were available during this
study, and those shown in the table are obtained by linear ex-
trapolation of lower Mach number data. The validity of this
extrapolation for turbulent, equilibrium, adiabatic boundary
layers is discussed in Ref. 15.

Experimental Techniques and Data Analysis

The interaction surface was visualized by a kerosene-
pigment dry-transfer technique.?# Spatial data obtained from
full-size undistorted images of the surface pattern (preserved
on matte acetate tape) were, on average, resolved to 0.5 mm
(0.02 in.) These data were digitized for subsequent analysis.

Figure 3 is an example of an upstream-influence line to illus-
trate the data analysis described later. Examination of the
figure shows a slight bulge to the upstream-influence line
within the inception region. (Notice also the bulge in the sepa-
ration line in Fig. 2a.) This feature is particularly obvious in
weakly separated interactions and was first observed by
Stalker!® and, more recently, by Ozcan and Kaya!” in swept
step interactions. There are no satisfactory explanations as yet
for this phenomenon. However, Ozcan and Kaya suggest that
this bulge occurs when M, is just over unity so that the shock
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Fig. 4 The trend of the inception length with fin angle.

wave is detached from the shock generator throughout a sub-
stantial portion of the boundary layer. This viewpoint was pre-
viously stated by Kubota and Stollery for fin interactions. 8
The inception point was determined as follows. A straight-
line asymptote was fitted to the far-field portion of the
upstream-influence line. (This also allowed B, to be deter-
mined.”) Departure of the asymptote from the actual up-
stream influence was taken to be the inception point I(x;, z;),
as can be seen in Fig. 3. The figure also shows the virtual ori-
gin V as the intersection of the upstream-influence asymptote
and the inviscid shock-wave trace. In practice, the upstream-
influence data were replaced by a fourth-order curve fit that
smoothed out the data scatter. The criterion for locating I was
made objective by setting the fractional departure of the z
coordinate from the upstream-influence asymptote to be equal
to a small number ¢, i.e.,
12i = Zipgy 12 = Ci Q)
With ¢; = 0.0001, estimates of (x;, z;) were not substantially
different from the visual estimates in Ref. 15. Either visually
or with Eq. (7), I(x;, z;) was difficult to locate for weaker in-
teractions, thereby resulting in larger errors. The raw (x;, z,)

. data were then transformed to (§;, {;) coordinates.

Although £; was used in analyzing the inception phenom-
ena, other definitions can be formulated, e.g.,

rp=ry, + & ®

where r, is the distance from the fin apex to the virtual origin
(Fig. 3). The measured lengths are customarily normalized by
8 and denoted with overbars; thus, £, = £,/8, etc. In the pres-
ent study, since Re and 6 were fairly constant, the effects of &
or Re; could not be explored.

Discussion of Results
Figure 4 is a plot of £; against o showing that £; decreases as
o increases. Thus, at a given Mach number, the inception
length decreases as the interaction strength increases. Figure 4
also shows that, for a given o, £; increases with Mach number,
an observation first noted by Inger.
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Previous studies!-%’ have shown that « is not an appropriate
scaling parameter for fin interactions but have shown that the
inviscid shock-wave location plays an important role in char-
acterizing the interaction, as discussed in the Introduction.
Therefore, the next step is to examine £; against 3, (Fig. 5). It
can be seen that the inception length, to first order, scales with
B,, with a slight decrease in £; as M., increases at a fixed 3.
Furthermore, this scaling is nonlinear. When 3, > 35 deg, £;
becomes asymptotically constant and ‘‘small,”’ being an order
of magnitude less than when 3, < 25 deg.

The inception length behavior for 8, < 20 deg could not be
explored in the present tests. But, in hypersonic flows, 8, can
easily be smaller than those found in the present tests, e.g., at
M, = 8, fora = 5deg, ; = 11 deg. Care must therefore be
exercised in extrapolating the present results to hypersonic

60
50--l Moo
1 2.47 o
w0ih 2.95 &
Yl 3.44 o
F 30% Ll%t 3.95 v
I =I
201 o :_TI 2.
Vil + [¢]
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Fig. 5 Scaling of the inception length with shock angle.
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Fig. 8 Inception length scaling by Ag,.
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Mach numbers. Based on the present study, previous measure-
ments of hypersonic fin interactions may have been taken
within the inception zone, thus possibly creating discrepancies
between supersonic and hypersonic results, e.g., in detecting
conical symmetry.!® Figure 5 shows that at large §,, there is
almost no inception length. In other words, the interaction can
be considered to be ‘‘fully developed’’ right from the apex.
This has been observed by Zubin and Ostapenko® and is also
evident in Law’s results.?! Dolling?? thought that Law’s?! data
showed a negligible inception length for all tests (@ = 6-16
deg, 8, = 14-24 deg). However, the inception length can only
be crudely estimated using Law’s surface pressure data. Fur-
thermore, large inception lengths can give the impression that
the interaction is fully developed from the fin apex. As a cau-
tionary note, without systematic explorations of wall tempera-
ture and Reynolds number effects, more general conclusions
on cold-wall hypersonic data or high Reynolds number data
have to be deferred. This study and previous studies!®!* have
only begun to address issues of interaction development and
interaction size by accounting for shock sweep.

The present £; data also correlate with cot 3, according to
Eq. (4). This can be expected if £; scales with 8, because, in
the range 20 deg < B, < 40 deg, cot B, ~ 1/8,. Furthermore,
for comparison with data reported by Settles,!® the present
M, = 2.95 data are normalized according to Eq. (3) and plot-
ted in Fig. 6. This figure shows that present estimates of £; are
typically two to three times less than the estimates of Settles,
with the disagreement becoming worse as cot 3, becomes
small. The discrepancy is due to different methods in obtain-
ing the inception length. In Ref. 13, the actual upstream-
influence line was fitted with a line using a Keuffel & Esser
No. 57168548 french curve. The inception point was then
located as the intersection between the fitted line and a line
parallel to the upstream-influence asymptote and 1 mm in-
board. A cross-check using the same french curve showed
that, within 5% of &;, estimates of £; are the same between the
present results and those of Ref. 13. It is felt that the present
method of extracting &; data described previously is'more ap-
propriate since there is no reason for the upstream-influence
line to be constrained along a prescribed curve. In fact, since
the inception and far-field conical regions of the interaction
merge gradually, the definition of the inception length is
somewhat arbitrary. The key issue is not the criterion itself, as
long as it is applied consistently to the entire data set, but the
trend of the inception length with Mach number and shock
strength.

The Virtual Origin

For completeness and for practical applications,?>?* the
nondimensional distance between the fin apex and the virtual
origin 7, is plotted against (3, in Fig. 7. The data scatter tends
to be large?>6 because F, is located by the intersection of two
lines separated by a small angle. As also observed in Ref. 25,
r, decreases with increasing interaction strength. The present
7, data show a weak Mach number dependence when plotted
against 3y, similar to the £, behavior.

Scaling by A8,

The earlier discussion shows the effect of sweep on the in-
ception length development. In addition, to further under-
stand the physical parameters that govern swept interactions,
it is necessary to identify shock strength parameters. In Ref. 7
(see Introduction of this article), a reduced shock angle AS,
that plays the role of a shock strength parameter was found to
scale the reduced upstream-influence angle AS,. Therefore,
the question arises whether the inception zone can be scaled by
AB,. Bearing in mind that the polar coordinate system is
centered at the virtual origin and not at the fin apex, the £,
data must be corrected to 7; according to Eq. (8).2"?% A plot of
F; against AB, (Fig. 8) shows satisfactory collapse of the data,
thereby identifying the appropriateness of A3, in scaling the
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inception length. There is a slight Mach number trend to the
data as expected if the previously formulated scaling of A3y,
by AB, is to be valid.

Conclusions

The inception length to conical symmetry for fin-generated
shock-wave boundary-layer interactions was found to be
weakly dependent on Mach number and to depend strongly on
shock sweep. The inception length was found to be constant
and small for shock angles larger than about 35 deg. Otherwise,
the inception length was found to increase with decreasing
shock angle. A previously formulated shock strength parameter
was found to scale the inception length approximately.
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