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An experimental study of fin-generated shock wave turbulent boundary-layer interactions confirmed previous
observations that, sufficiently far from the fin apex, such interactions become conical. Tlie inception length
to conical symmetry was found to increase weakly with Mach number for Mach numbers from 2 5 to 4 and
fin angles from 4' to 22'. For the range of interactions examined, the inception length was found to depend
primarily upon tlie inviscid shock angle, this angle ranging from 21" to 40". Tlie behavior of the inception length
with shock angle can be broadly divided into two categories. For "weak" interactions with shock angles less
than about 35", the inception length decreased as the shock angle increased. For "strong" interactions with
shock angles greater than about 35O, the inception region was small and was approximately constant at three
boundary-layer tliicknesses in length. In the latter, strong interaction case, tlie inception length was an order of
magnitude smaller than t h a t found in the weakest interactions examined, to tlie extent tliat strong interactions
were practically fully-developed from the apex

Nomenclature
= iM,sin@,, Mach number normal to the inviscid shock-wave trace on the test surface
= incoming freestream Mach number
= polar coordinate system centered a t fin apex
s, 0
(Fig. 2b)
=
Reynolds
number based on the undisturbed
Re8
boundary-layer thickness a t the start of the
interaction
a
= angle made by fin with respect to the incorning freestream direction
fl
= angle made by surface-flow features with respect to tlie incoming freestream direction
6
= undisturbed boundary-layer thickness at tlie
start of the interaction
T > C= orthonormal coordinate system based on tlie
inviscid shock-wave trace on tlie test surface
(Fig. 2b)

M,,

Subscripts
I
= inception
U
= upstream influence
m
= incoming freestream conditions

1 Introduction
An important class of fluid dynamics problems is that
of shock wave boundary-layer interactions. These interactions are important because of their ubiquitous presence io high-speed flight. Recently, their nnderstnnding lias taken on further importance arising from tlie
development of hypersonic flight vehicles such a s the
National Aerospace Plane. For example, the coniplicated shock boundary-layer interactions in eiigiiie iiilets need to be accurately predicted for the engine's
performance to be determined. IIowever, present predictions are generally poor, especially if the 1)oundsry
layer is separated. It is precisely this separated intcraction, with its attendant problems (e.g., flow unst,eadiness, liigli heat-transfer rates and massive distortions of
the main flow) wliich is of concern and which is spiirring
present research into shock boundary-layer inter;tct,ions.
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(Fig. 2) [IO], while for the region between the inviscid
shock and the fin, conical symmetry is approximately
valid. Cylindrical symmetry, one the other hand, occurs
where the farfield interaction is parallel to the inviscid
shock and can be found in certain other interactions
such as those generated by some swept compression corners or swept steps [I]. This issue of conical and cylindrical symmetry has raised some contrhversy, especially
for fin interactions [ll, 121. Inger [I31 showed analytically, however, that the conical nature of the inviscid
flowfield dominates the interaction, forcing the interaction to eventually take on an asymptotically conical
form even though the boundary-layer growth is nonconical.
T h e surface features of conical interactions can be
appropriately quantified by a polar coordinate system,
(r, p), centered a t the virtual origin as illustrated in
Fig. 2 ( b ) . In addition to the polar coordinate system,
a Cartesian coordinate system, ((, C), centered on the
fin apex may be used. The ( E , C) coordinate system
is an excellent approximation to the (7,,fj’) polar coordinate system because the opening angle between the
upstream-influence asymptote and the freestream shock
angle, (0” -Po), is small, typically less than 15’.
A detailed examination of the (conical) farfield interaction showed that a reduced upstream-influence angle, Apu = (flu - p m ) , scales with a reduced shock
angle, Ape = (fl, - p - ) , for 2.5 5 M , 5 4 and
0 5 AP0 5 Z O O , where p m is the Mach angle of
the incoming freestream [14]. Obviously, for conical
symmetry, Aflu > Ap0 and for cylindrical symmetry,
A@u = AO0. Lu e2 al. [I41 fitted their d a t a as

Shock wave boundary-layer interactions are conveniently divided into twodimensional (2D) and threedimensional (3D) types. 2D interactions are nominally normal to the streamwise direction while 3D interactions possess greater geometrical variety. A recent review has succinctly classified 3D interactions into
two broad classes: dimensional and dimensionless types
[l]. Dimensional types have explicit geometrical length
scales snch as a diameter or a thickness while dimensionless types, obviously, have no length scales except
those d u e to the flow itself (such as 6).
One configuration that produces a dimensionless interact,ion is a fin mounted on a flat plate. T h e fin
generates a shock sweeping across an incoming turbulent boundary layer (Fig. 1). This idealized configuration represents practically-occurring situations such as
a t fin-fuselage junctions or in supersonic engine inlets.
A review of such fin-generated shock wave turbulent
boundary-layer interactions can be found in Ref. [Z].
Thus, the following review will be narrowed to the
inception-length issue under examination.
In studying shock wave boundary-layer interactions, the secalled mean surface “footprint” is revealed
by snrface-flow visualization [3, 41. An example of
a surface-flow pattern of an interaction is shown in
Fig. 2 ( a ) while the pattern’s key features are identified in Fig. 2 ( b ) . T h e fin is placed a t an angle a to
the incoming stream which generates an inviscid shock
wave impinging the test surface at an angle Po. In a viscous flow, the shock wave represents an adverse pressure
gradient which the boundary layer must overcome. T h e
interaction between two essentially disparate flow phenomena, the shock wave and the boundary layer, starts
a t the upstream-influence line (or, the interaction onset). In surface-flow visualization, this is detected by
the onset of deflection of the incoming surface streaks.
Separation occurs if the shock is strong enough and
is marked by a severe turning of the surface flow, resulting in a convergence of the surface streaks. From
topological rules, an attachment line is associated with
the separation line [5]. There is ample evidence that
an “open” separation with a strong, swept vortical flow
exists in such cases [6,71. I t is also thought that a
supersonic turbulent jet impinges the test surface a t
the attachment line, resulting in overpressures and high
heat transfer a t this region [6]. For the strongest interactions, a secondary separation is also observed (computationally as well [SI) although not much is known
about this phenomenon.
T h e surface-flow pattern in a 3D shock-wave bonndary-layer interaction shows an “inception region’’ near
the fin leading edge and a farfield region further away,
Fig. 2 ( b ) [a]. Familiar examples of such nearfield and
farfield behavior include pipe inlet flows, wakes and
jets. For fin-generated interactions, the surface features
ahead of the inviscid shock in the farfield appear to radiate from a virtual origin, exhibiting “conical symmetry”

A& = Z.ZAP,, - 0.027A&.

(1)

For small A@,, d a t a scatter may give the impression of
cylindrical symmetry. Such was the case for many previous studies where Ape < 5’. The poor resolution of
the upstream-influence line for such weak interactions
has also compounded the difficulty in its location. In
addition, many measurements, due to facility limitations, were performed inside the inception zone. These
problems added to the confusion over whether the interaction is conical or cylindrical, since most previons
swept interaction studies were not meant to address this
issue specifically. Lu el a/. [14] also postulated that, a t
the large ABo limit, apt^ i
A@,,, i.e., there would be
cylindrical symmetry in this limiting situation. Experimental limitations, however, have thus far prevented’
observation of this behavior.
I n a series of studies [IO, 15, 161, the spanwise development of the upstream influence was found to scale
according to

? u / K = f(&),

(2)

where

FU = (tu/&)Re!,
2

tu = ( C U / ~ ) R e f ,

(3)

(e",

arid M,, = h.(, s i n o 0 ,
f,") being the coordinates
of the upstream-influence line. Eq. (2) was validated
for hlach 3 interactions where n = b = 1/3 are empirical constants. T h e cited references identified the
effect of the viscous parameters, 6 and Res, and the inviscid shock-strength parameter, Id",on the upstream
influence. Eq. (2) also shows that .&I, and the
C)
coordinate system accounts for (1 effectively. However,
tlie upstream-influence scaling results at Mach 3 have
not been extended to other Mach numbers to fully account for the effects of M W . A subsequent paper will
examine this issue.
T h e departure from the farfield a y m p t o t e to tlie
upstrenm-iiiflrieiicr: line is usually considered to be the
incept.ion point. At hl, = 3, Settles [17] found that

(c,

<i %

1130cotfiO,

(4)

ti

= (&/A)@
being the nondimensional inception
lcngtli according to Eq. (3). Essentially, Eq. (4) Shows
that experiments tailored to examine the farfield should
be performed outside the llondimensional inception region. Inger [13] examined the problem analytically and
foopd that

Ei = cci cot P o ,

(5)
where C is a constant of order unity. Further, Eq. (2)

interaction test surface. O n this plate was morintcrl
a sharp-edged fin that generated a swept shock across
the boiindary layer t h a t developed on the plate. T h e
fin liad a lO0-sharp leading edge and was placed witli
its tip 216 mm (8.5 in) from the plate leading edge and
26.2 mm (1.03 in) from the tunnel sidewall. T h e fin w a s
100 m m (4 in) high, 127 mm (5 in) long and 10.3 rnm
(0.104 i n ) thick. Tlie fin height of about 306 was tlrerefore sufficient to ensure that the interaction was a semiinfinite one [18]. T h e length of the fin was chosen to
provide the maximum interaction extent while allowing
suficiently large a to be obtained without stalling the
wind tiinnel.
T h e fin w a s held tightly onto the flat plate by a
pneumatically-driven rotation mechanism mounted 011
tlie tunnel sidewall. A rubber seal a t the bottom ol
the fin ensured that no leakage under the fin occurred
during the tests. T h e fin-rotation mechanism rotated
the fin to a predetermined Once test conditions were
established. TI& was necessary only for tests with a
140; at lower angles, a was
larger
fixed before the run. in tile
a ranged from
4~ to 220, the largest
being limited by
T h e fin angle was determined to 0.1' accuracy using a
machinist's protractor.

implies a constant nondiinensional value o f & which wa5
given in Ref. [lo] as

2.2

ct x

1600.

(6)

T h e different inception-length scaling constants proposed i n Eqs. (4) and (6) reflect tlie fact that tlie inception zone arid the farfield merge gradually so that the
inception length may not be specified with high precision.
To broaden our understanding of fin-generated interactions, a study w a s recently completed [Z] covering
a Mach number range from 2.5 through 4. This paper
presents results from the database of Ref. [2] pertaining
to the inception length, especially regarding its change
with shock strength and Mach number.

2

Test Conditions

T h e experiments were performed at M , = 2.47, 2.95,
3.44 and 3.95 (Table 1). Since the wind tunnel is a hlowdown type, the stagnation temperature, To,decreased
somewhat during a run. Typically, for a run of about
20 s, Todropped from 300 K (540"R) to 290 I< (520'R).
T h e nominal freestream unit Reynolds number, Re, was
held relatively constant throughout the Mach number
range at 50 to 80 x IO6 m-' (15 to 24 x 106/ft).
For each run, the Mach numbers were computed
from tlie stilling chamber (stagnation) pressure, p o , and
a static pressure, p, measured from an orifice on the test
surface ahead of the interaction, and assuming perfcctgas behavior. Tlie unit Reynolds number, Re, was computed using p o , To,p and the viscosity-temperature relation of Ref. 1191. T h e values of the test conditions
and their standard deviations shown in Table 1 are not
of "typical" runs but were obtained from the enseinble of runs of each Mach number throughout tlie test
program. This is felt to provide a better characteriza.~
tion of the tests which were performed over a n extended
period.
Fig. 3 shows the undisturbed centerline boundarylayer velocity profiles, subjected to the van Driest I1
transformation, in law-of-the-wall coordinates. (KO
surveys at M, = 3.95 were available during this study.)
T h e figures also show the Sun-Childs 1191 wal-wake
curvefits to the data. Detailed surveys along the flatplate centerline and 38 mm (1.5in) to each side sl~o~verl
that the boundary layers were two-dimensional. Based

-

Experimental Methods

Wind Tunnel and Test Models
T h e experiments were done in tlie Gas Dynamics Lab2.1

oratory of the Pennsylvania State University. Tlie Supersonic Wind Tunnel test facility is a blowdown wind
tunnel with a test Mach number of 1.5 through 4 , varied
by an asymmetric sliding-block nozzle. T h e test section is 150 mm (6 in) wide, 1F5 m m (6.5 in) high and
F10 mm (24 in) long. Further description of the wind
tunnel and tlie experiments can be found in Ref. [2].
A flat plate, 500 m m (19.5 in) long, spanning the
tunnel and mounted in the test section, provided the
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With c, = 0.0001, estimates of ( i i , 2;) were not substantially different from the visual estimates in Ref. [Z].
Either visually or with Eq. (7), I ( z i , z i ) was difiicult
to locate for weaker interactions, thereby resulting in
larger errors. An error estimate was also performed,
where the error bars of ( i i , zi) for each test case were
given by tlie 05% confidence levels to the upstreaminfluence d a t a of Fig. 4 . Finally, in tile shock-based
coordinate system,

on bliese surveys, the boundary layers were considered
to be turbulent and in equilibrium at the test region.
In addition, the boundary layers were approximately
adiabatic. Some centerline boundary-layer parameters
based on the wall-wake curvefits at 216 m m (8.5 in)
from the flat-plate leading edge are listed in Table 2.
Data at iM, = 3.95 were obtained by linear extrapolation of lower Mach-number data.

2.3

Experimental Techniques

w

W'

2.4

+ zi sin Pa

-zi sinp,

+ z i cosp,

T h e above equations were also used to estimate tlie
errors i n (ti, Ci).
Settles [I71 used the distance ti in analyzing the
inception length although other definitions can he formulated, e.g., ri, where
ri sz ru

+ Ei,

r" being the distance from the fin apex, 0, to the vir-

tual origin, V (Fig. 5 ) . T h e measured lengths are customarily normalized by 6 and denoted with overbars;
tllus,
<, = (i/6, i.i = T i / & > etc.
In the present study, since Re and 6 were fairly cons t a n t , the effects of 6 or Rea could not be explored.

Data Analysis

All of tlie digitized upstream-influence lines are plotted
in Fig. 4(a) through Fig. 4(4. Fig. 5 is an example
of the upstream-influence line in order to illustrate the
d a t a analysis described below. Closer examination of
the figure shows a slight bulge to tlie upstream-influence
line within the inception region. (Notice also the bulge
in the separation line in Fig. 2(a).) This feature is
particularly obvious in separated interactions and was
first observed by Stalker (201 in swept step interactions.
There are no explanations as yet on this phenomenon.
T h e inception point was determined by the following
procedure. A straight-line asymptote was fitted to the
farfield portion of the upstream-influence line. (This
also allowed 0" to be determined (141.) T h e departure
of this straight line from the actual upstream influence
was taken to he the inception point, I ( i i , z i ) , as can
be seen in Fig. 5. T h e figure also shows the virtual
origin, V , as the intersection of the upstream-influence
asymptote and the inviscid shock-wave trace. In practice, the upstream-influence d a t a were replaced by a
fourth-order curvefit t h a t smoothed out the data scatter. Furthermore, the farfield upstream influence was
replaced by the straight-line asymptote. T h e criterion
for locating I was made objective by setting the fractional departure of the z-coordinate from this straight
line to be equal to a small number, c;, i.e.,
1zi -

z i cos Po

ti =
C, =

Temperature and pressure d a t a were digitized and
stored in a microcomputer. T h e computer was used
to display tunnel conditions during a test and to analyze data. Further d a t a analysis was performed on a
mainframe computer.
T h e surface-flow features were visualiaed using a
kerosene-pigment dry-transfer technique [3, 41. Spatial d a t a obtained from full-size undistorted images of
the surface pattern (preserved on matte acetate tape)
were, on average, resolved to 0.5 m m (0.02 in.). These
d a t a were digitized manually using a digitizing pad and
stored in a microcomputer for analysis. Angular d a t a
were accurate to k0.5" for stronger interactions, hut accuracy can be as poor as f3' for weak interactions due
to difficulty in discerning weak surfaceflow features.

I/Zi

= ci.
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Discussion of Results

<;

Fig. 6 is a plot of against a. This figure shows t h a t ti
decreases as a increases. Thus, for a given Mach n u m
ber, the inception length decreases as the interaction
strength increases. Fig. 6 also shows t h a t , for a given
a ,<, increases with Mach number.
Previous studies [I, 10, 141 have shown that a is not
an appropriate scaling parameter for fin interactions,
b u t have shown that the inviscid shock-wave location
plays a n important role in characterizing the interaction. Therefore, the next step is to plot
against Po
which, apparently, serves as a shock-strength parametcr (Fig. 7). It can be,seen that the inception length,
to
. first order, scales with Po, with a slight decrease in
ti as Mm increases at a constant Do, i.e.,

5

ti = f(40).

(8)

Further, this scaling is nonlinear. When
> 35O,
becomes asymptotically constant and "small," being an order of magnitude less than when Po < 25".
Thus, there appear to be two regimes in the inceptionlength scaling depending on how strong the interaction
is. First-order curvefits to the two regimes are:
<i

<i

(7)

= -43
sz

4

3,

+ 1680/P,,

20"

5 Po 5 35';

-

po > 35O;

where fl0 is in degrees.
T h e inception length behavior for 0
. 5 20' could
not be explored in the present tests. Ilowever, in hypersonic flows, flo can easily be smaller than those found in
the present tests; e.g., a t M, = 8, for a = 5", 0,% 11'.
Care must therefore he exercised in extrapolating tlie
present results to hypersonic Mach numbers. It appears
t h a t in typical hypersonic shock boundary-layer interaction experiments, measurements are usually taken
within tlie inception zone, thns possibly accounting for
discrepancics between supersonic and hypersonic results i n , e.g., detecting conical symmetry [21]. Also,
the present resnlts show that speculation that liypersonic interactions have sniall inception lengths [13] may
be incorrect since the behavior of the inception length
is primarily dependent on flo and not on A[,.
Fig. 7 shows tliat, for strong interactions characterized by large Po, 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 [22] and is also evident i n Law's results 1231. A small inception zone due
to a large Po can occur at low supersonic Mach numbers as well. However, d a t a are generally unavailable
for such a n extreme circumstance, since stall in the test
section prevents testing at large a to generate large-4,
shocks at, say, M, = 2 .
Further, the present result appears to be physically
more realistic than those proposed in Eqs. (4), (5) and
(F) which were based on a more limited datasct. In
addition, thc behavior of with cot0, for the present
dataset is illustrated in Fig. 8. T h e good correlation
and cot Po can be expected if scales with
between
13, because, in the range 20" 5 5 40°,

ti

<;

ti

cot P o

-

l/Po

For comparison with d a t a reported by Settles [li],
the present M, = 2.95 data are normalized according
to Eq. (3) a n d plotted in Fig. 9. This figure shows t h a t
the present estimate o f t i is typically two to three times
less than the estimate of Settles [17] (Eq. (4)), with the
disagreement becoming worse as cot Po becomes small.
T h e discrepancy is largely due to different methods in
defining the inception length. In Ref. [ l i ] , the actual
upstream-influence line was fitted with a line using a
Kueffel & Esser No. 57168548 frcnch curve. T h e inception point was then located as the intersection between the fitted line and a line parallel to the upstreaminflnence asymptote and 1 m m inboard. A crosscheck
using the same french curve showed that, within 5%
of {i, estimates of {i are the same between the present results and those of Ref. [17]. It is felt that the
present method of extracting ti data described previously is more accurate since there is no reason for
the upstream-influence line to he constrained along a
prescribed curve. I n fact, since the inception and farfield conical regions of the interaction merge gradually,

no precise definition of inception length is called for.
Thus, tlie present work and Ref. [I71 are not actually i n
conflict, even though the present criterion yields much
shorter inception lengths. T h e key issue is thus not the
criterion itself, as long as it is applied consistently to
the entire dataset, b u t the trend of the inception length
with hlach number and shock s t r e n g t h

3.1

4

Physical Interpret at'ion

The trend of the data, as depicted in Fig. 7, can be
understood in terms of the relative importance of the
inviscid and viscous parameters govcrning the interaction. As stated previorisly, 6 and Re arc held constant
i n this set of experiments so that their effects cannot be
explored. A few general observations can, howcvcr, be
made. It lias often hcen observed that the interaction
is predominantly inviscid [ l , 131. There appear to be
two limits to the balance between viscous and inviscid
parameters a t , say, a given M,. T h e first occurs when
an infinitesimally weak, swept shock wave impinges the
boundary layer. This small, semi-infinite, inviscid disturbance sweeping across the boundary layer, arguably,
should result in an infinitely-large
since the viscous
effects outweigh the inviscid ones. (This would also give
tlie appearance of cylindrical symmetry [14].) On the
other hand, for large shock strengths, the inviscid parameters outweigh the viscous ones in determining the
interaction behavior. Thus, as can he seen from tlie
data, as the shock strength increases, decreases until
a "strong interaction" with a large fl, is developed. In
such a circumstance, tlie incoming boundary layer imposes a n apparently fixed, minimum (almost negligible)
inception-length scale on the interaction. (A further
exploration of the influence of 6 and Re a t tlie strong
interaction limit would require larger values of 6 and a
broad range of Re.)

ti

3.2
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The Virtual Origin

For completeness, the nondimensional distance between
the fin apex and the virtual origin, F,,, is plotted against
0,in Fig. 10. T h e data scatter tends to be large [24,25]
because F, is located by tlie intersection of two lines separated by a small angle. As also observed in Ref. [24],
F" decreases with increasing interaction strength. T h e
prcsent F, data show a weak hlacli number dependerice
when plotted against Po, similar to the t i behavior.

3.3

Filial Remarks

T h e varying size of the inception length (Fig. 7) or,
equivalently, the distance from the apex to the virtual origin (Fig. l o ) , lias been a confusing factor in
determining whether swept interactions are cylindrical
or conical, as discussed in the Introduction. This can
be further shown geometrically as follows. Referring to

I

fl

Fig. 2, d a t a in (z, z ) coordinates can be transformed to
(r, @)coordinates according to
r=

P

=

to be weakly dependent on Mach nnmher and to scalc
with the inviscid shock angle for 2.5 5
5 4 and
4” 5 a 5 22“. T h e inception length was found to be
constant and small for strong interactions with shock
angles larger than about 35”. Otherwise, the inception
length was found to increase with decreasing shock angle. Physically, this inception-length behavior is attributed to the relative dominance of inviscid parameters over viscous parameters at large shock strengths.

+

J ( z - Z”)2
( 2 - 2.y
arctan[(r - z u ) / ( z - q ) ] .

It can be noted here that

P = (Q+“SP o )

/

(I+

“),
S

(9)

where (s, 0) constitrite a polar-coordinate system centered at the fin apex. For simplicity, consider a point
on the npstrcam-influence line (zu,2”). From Eq. (O),
the difference between the angles PU and 0u can be
expressed as

Acknowledgements

T h e work reported in this paper was done by the
first author during his P1i.D. research at the Gas
Dynamics Laboratory, Penn State University.
It
was supported by AFOSR Grant 86-0082 from the
U . S. Air Force Office of Scientific Research, monitored
by Dr. L. Sakell, and by Joint Research Interchange
T h e ahove equation is displayed in Fig. 11. If r. = 0, NCA2-192 with the NASA Ames Research Center in
which Dr. C . C. Eorstman was the research collaborathen
tor.
Pu = Qu.

For this limiting case, it cannot be conceived t h a t
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pu = Po unless pu
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Figure 6: Scaling of the inception length with cot Do.
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Figure 10: T h e virtual origin from the fin apex.
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