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Comparison of Sharp and Blunt Fin-Induced
Shock Wave/Turbulent Boundary-Layer Interaction

David S. Dolling*
Princeton University, Princeton, New Jersey

In this paper, results are presented from an experimental study of fin-induced shock wave/turbulent bound-
ary-layer interaction. Semi-infinite fin models, with sharp and hemicylindrically blunted leading edges, were
tested at Mach 3 in two high Reynolds number, adiabatic wall, turbulent boundary layers. Detailed streamwise
surface pressure distributions were measured at several spanwise stations for angles of attack from 0 to 12 deg.
The objective was to examine the spanwise development of the interaction region and determine its dependence
on leading edge geometry and the incoming-flow parameters. The results show that for blunt fins there is a
region of the interaction in the vicinity of the centerline where the scale and characteristics of the disturbed
flowfield are controlled primarily by the leading edge diameter. Outboard of this inner, or ‘‘leading-edge
dominated,” region the interaction properties and spanwise development are essentially the same as if the
leading edge were sharp. Thus there is an outer region of the blunt fin-induced flowfield in which the properties

are effectively ‘‘independent of leading edge blunting.”’

Nomenclature

D =blunt fin leading-edge diameter
h = fin height
Lu =upstream influence measured relative to the freestream

shock wave
M  =Mach number
P =static pressure
P, =wall pressure downstream of interaction
Re =Reynolds number
X  =coordinate in the plane of the test surface and aligned

with the tunnel axis, with X' =0 at the fin leading edge

X, =coordinate in the X direction measured relative to the
freestream shock wave

Y  =coordinate normal to the X axis in the plane of the test
surface, with Y =0 at the fin leading edge

Z  =coordinate normal to the XY plane measured along the

fin leading edge; Z=01is at the fin root
1Y = fin angle of attack
B =local angle of blunt fin shock wave
B, =sharp fin shock wave angle (Fig. 4)
1] =boundary-layer thickness

Subscripts
oo =undisturbed freestream value
w  =value at the wall

Introduction

HE interaction of a shock wave with a turbulent bound-

ary layer is a complex fluid mechanical problem that has
been studied by many investigators over a wide range of
conditions. Today it is an area still receiving considerable
attention. Much of the motivation for such sustained interest
in these interactive flowfields stems from their practical
importance. They can occur in many types of engine inlets, in
turbomachinery, and in a wide variety of external
aerodynamic problems. These range from the classic fin/body
junction flowfield to that caused by an externally generated
impinging shock wave.
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A large proportion of the studies of these phenomena
concentrated on two-dimensional (2-D) interactions, such as
those generated by an unswept compression corner. The
general properties and overall behavior of such flows are now
reasonably well understood. Comprehensive reviews of ex-
perimental results and theoretical approaches have been
complied by Green'! and Hankey and Holden.2 More recently,
a review of some of the analytical and numerical methods
developed during the last 10 years was given by Adamson and
Messiter.? These major efforts in the 2-D regime contrast
sharply with the small amount of attention given to three-
dimensional (3-D) interactions. These occur in the vast
majority of practical cases, yet at present are not well un-
derstood.

To date, the few studies of 3-D interactions have been
mainly experimental. It is only during the last few years, with
the concurrent development of numerical methods and high-
speed computers with large core storage capacity, that it has
become possible to compute certain types of these
flowfields.** In many experiments, the shock wave was
generated using fin models®2* or circular cylinders?+2
mounted normal to a flat surface on which the incoming
boundary layer develops. Fins with sharp®!'* and blunt!5-2
leading edges have been tested. The blunt fins generally had
hemicylindrical leading edges, characterized by diameter D,
although other types, such as flat-faced models, have also
been used. 2630

Most of the experimental data consist of surface measure-
ments, mainly pressure distributions and oil streak patterns,
although some heat-transfer-rate measurements’-1%25 have
been made. Only a few experimenters, notably Oskam’ and
Peake,? obtained the detailed flowfield measurements needed
for defining interaction structure and for properly validating
numerical code predictions. Both examined the sharp fin-
induced flowfield. As far as is known, no similar
measurements have been made using blunt fins, and although
some details of the mean centerline structure are known, '? the
major portion of the flowfield structure has not been
determined experimentally.

From these surface measurements, such primary interaction
properties as upstream influence have been obtained.5!5:26.27
A common problem in all 3-D test programs is that defining
the interaction properties adequately requires measurements
over a large test area at each flow condition. Extensive in-
strumentation is needed and many tests must be made,
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making even the most limited parametric studies expensive
and time-consuming. Consequently, such fundamental
properties as the streamwise scale, spanwise development, and
their dependence on fin geometry and flow conditions are
unknown for many of these 3-D interactions.

In studies using hemicylindrically blunted fins or circular
cylinders, most investigators concentrated on the centerline
and its vicinity. With fins, the majority of tests were made at
zero angle of attack. Correlations of the results!$:24$26.27 have
shown that the centerline interaction properties depend
primarily on D and only weakly on boundary-layer thickness
8. Centerline upstream influence relative to the fin leading
edge fell in the narrow band of 2-3D for tests using many
different fins over a wide range of flow conditions. Recently it
has been shown that upstream influence depends critically on
the state of the incoming layer.?®> With a laminar layer at
Mach S, it was observed to be in the range of 9-12D.

These centerline results raise important practical questions
that cannot be answered using available data. The questions
concern the spanwise development of the blunt fin flowfield.
At stations off centerline, is the flowfield scale primarily
dependent on D, or do other parameters affect it? Assuming
that this dependence is valid out to some spanwise station,
several more questions then arise: 1) Where is this position? 2)
On what does it depend? 3) What are the parameters con-
trolling further spanwise development? A second set of
questions, of a more general nature but closely connected to
these, concerns the relationship between blunt and sharp fin-
induced interactions. It is clear that the two flowfields have
radically different properties near the leading edge. This fact
raises the question of whether these two interactions have
quite different scales and characteristics throughout their
respective flowfields, or if there are regions in which the
properties are similar. In the experimental program described
in this paper, an attempt has been made to answer these
fundamental questions.

Experimental Program

Wind Tunnel and Models

The tests were all conducted in Princeton University’s 20-
cm X 20-cm (8-in. x 8-in.), high Reynolds number, supersonic
blowdown tunnel. This facility has a nominal freestream
Mach number of 3 and can be operated at stagnation
pressures over the range 4x 105 to 3.4 x 10 Nm~2 (60-500
psia).

The model geometry is sketched in Fig. 1. Two test surfaces
were used: the tunnel floor, and a horizontal flat plate with a
sharp leading edge that spanned the tunnel. Both surfaces
were instrumented with four rows of pressure tappings
aligned with the undisturbed-flow direction. The tappings
were 0.102 cm (0.040 in.) in diameter and had a minimum
spacing of 0.25 cm (0.101in.).

The fin models were all 25 cm (10 in.) long and spanned the
tunnel. Nylon seals at the floor and ceiling junctions
prevented leakage. They were supported by bearings centered
2.29 cm (0.90 in.) downstream of the leading edge and by an
arm attached to the rear face. The arm passed through the
tunnel sidewall to a drive mechanism allowing the angle of
attack o to be changed from outside the tunnel. In tests using
the tunnel floor boundary layer, the fin leading edge was
approximately 20 cm (8 in.) downstream of the nozzle exit
plane. For the flat-plate tests, it was about 22 ¢m (9 in.)
downstream of the plate leading edge.

The blunt models tested on the tunnel floor had D=0.318,
0.635, 0.952, and 1.27 ¢cm (0.125, 0.250, 0.375, and 0.5 in.).
Those used with the flat plate had D=0.102, 0.203, 0.305,
and 0.406 cm (0.040, 0.080, 0.120, and 0.160 in.). Sharp fins
were also used with both test surfaces. Based on the criterion
described in Ref. 15, the height # of all the blunt models was
large enough for them to be considered semi-infinite. A fin
described as semi-infinite is one that produces the ‘‘asymp-
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totic result,”” a condition occurring when further increases in
h do not increase the extent of the disturbed flowfield.

The coordinate system used for presentation of the results is
shown in Fig. 2. It is drawn for a blunt leading edge but
applies equally to the sharp case. For the latter, the origin of
the X-Y axes is at the sharp edge. In both cases, the
streamwise distance X is measured from the freestream shock
wave location.

Test Conditions and Incoming Boundary Layers

All tests were made at a stagnation pressure of 6.8 x 105
Nm~2 +1% (100 psia). The stagnation temperature was 260
K +5%, and the model wall temperature was approximately
adiabatic. These flow conditions gave a nominal freestream
Reynolds number Re_, of 6.5x 10" m ! £5%.

No boundary-layer trips were used. On the flat plate,
natural transition occurred within 2 cm (0.8 in.) of the leading
edge. The streamwise growth of the tunnel floor and flat-plate
boundary layers have been measured. The boundary layers
are two-dimensional and in equilibrium, and their mean-
velocity profiles match the wall-wake similarity law. The
thickness of the undisturbed layer at the location of the fin
leading edge was 1.25 ¢m (0.49 in.) on the tunnel floor and
0.25 cm (0.1 in.) on the flat plate. Since these interactions are
swept, the local incoming boundary-layer thickness increases
in the spanwise direction. Values of & given in the legends of
the figures are the local values immediately upstream of the
initial pressure rise.

Shock Wave Shape

Since the position X =0 is a streamwise reference point, it
was necessary that the shock wave shapes be known ac-
curately. They were obtained experimentally from full-scale
shadow photographs of the flow over a set of sting-mounted
wedges spanning the ranges of D and « used in the test
program. For consistency and accuracy, the shock wave
angles for the sharp fin were also obtained experimentally,
rather than from oblique shock wave theory. Although
viscous effects at the leading edge are typically small, small
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errors in angle can result in large errors in locating the
position X, =0, particularly along instrumentation lines far
from the fin.

Discussion of Results

Recent results,!’ in conjunction with those from earlier
studies,?h?* showed that centerline pressure distributions
upstream of blunt leading edges could be correlated by
normalizing the streamwise distance X by D. This simple
scaling method worked well for flows in which § varied by
about 46:1. Leading edge pressure distributions could also be
correlated in a similar way by normalizing the distance from
the fin root Z by D.!* This strong dependence on D, in both
the horizontal and vertical planes, is the reason why the
critical parameter in determining whether or not a fin (or
cylindrical protuberance) can be considered semi-infinite is
h/D and not h/6. This is an important point, since it has often
been wrongly assumed that, if A/86>1, the extent of the
disturbed flowfield would have reached a maximum-.

This same strong dependence on D has also been observed
off centerline. !¢ Streamwise pressure distributions generated
by different-diameter fins in different boundary layers could
be correlated at a common nondimensional spanwise station
Y/D when plotted as a function of X;/D. Good correlations
were obtained over a range of fin angles of attack. This inner
region of the blunt fin-induced flowfield, in which D plays a
critical role, may aptly be described as being ‘‘leading-edge
dominated.’’ The spanwise extent of this region and on what
it depends are discussed later.

An attempt to correlate all the blunt fin results in this way
was unsuccessful. A progressively larger data spread occurred
with increasing Y/D. However, dimensional plots showed
that, at a certain spanwise station, pressure distributions
generated using different bluntnesses all had essentially the
same physical length scale and the same general features.
Further, these were the same, within engineering accuracy, as
those generated at the same station using a sharp fin. An
example is shown in Fig. 3. These five distributions were
generated using four blunt fins and a sharp model at =10
deg. They were measured on the flat-plate model along a fixed
row of taps at Y ~3.4 cm (1.34 in.). There is a systematic
increase in Y with increasing D but, as the legend shows, it is
small. The variation is about +3% of the mean value, and
does not affect the comparisons, since for any given in-
teraction such a change has a very small effect on the
flowfield properties. At this station, blunting the fin leading
edge over the range shown has little effect on the interaction
scale and features. For this reason, the station is in the ‘‘outer
region’’ of the four blunt fin-induced flowfields. Here the
properties are effectively ‘‘independent of leading edge
blunting.”” Once in this outer region, the spanwise
development of the blunt fin flowfield is the same as that of
the sharp model.

Tests using sharp fins® have shown that the interaction
scale, in both streamwise and spanwise directions, depends on
&. It was shown above that at some spanwise station the blunt
fin-induced flowfield acquires the same characteristics as the
sharp case, and then both develop in the same way. This
means that, for blunt fins, the interaction changes from one
whose scale is dominated by D in the inner region to one
whose spanwise development in the outer region depends on 4.

Whether or not a given station is in the outer region

~ depends on its position in terms of Y/D. The reason involves
the angle-of-attack characteristics of blunt and sharp fin-
induced shock wave shapes. With sharp fins the shock waves
are attached and straight, and their angle 8, is a function only
of «. In contrast, as shown in Fig. 4, with a blunt leading
edge, the shock is detached and curved, and the local angle 3
depends on position. Further, in the region around the leading
edge, B is independent of «. Measurements taken from the
shadow photographs showed that the shock shapes generated
by different diameter leading edges could be correlated if
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o

plotted as X,/D vs Y,/D. X, and Y, are defined in Fig. 4.
This scaling worked well for small Y/D, but with increasing
spanwise distance, each value of « generated a separate curve.

An alternative method of presenting the same data, shown
in Fig. 5, is to plot 8 vs Y/D. Two curves are shown: for ¢ =0
and 12 deg. With this approach, a direct comparison can be
made with the sharp fin shock wave angles. These are also
shown in Fig. 5. Close to the leading edge, 8 and B, are
radically different. As Y/D increases, however,  rapidly
approaches ;. For o =10 or 12 deg, § is only 2-3 deg higher
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Fig. 6 Shift from outer to inner region with increasing blunting.
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Fig. 7 Further shift from outer to inner region with increasing
blunting.

than 8, at Y/D of about 7-8. The value of Y/D at which 8 and
8, differ by some small amount increases as « decreases.
Thus, for blunt fins, there is some spanwise station Y/D at
which the local shock wave angle becomes the same as that
which would occur if the leading edge were sharp.

Now, in Fig. 3 it'was seen that the spanwise station Y ~3.4
cm (1.34 in.) was in the outer region of the four blunt fin
flowfields. The values of Y/D fell in the range 8.6-33.2. The
shock-angle plot shows that, for this range at o =10 deg, all
four values of 8 are very close to one another and close to ;.
Thus at this spanwise station, both the local shock wave
angles and the overall interaction pressure rises, P,/P,, (i.e.,
fixed «) are essentially the same for the blunt and sharp fins.
Under these two conditions and with the same incoming
boundary layer, sharp and blunt fin-induced interactions have
the same local scale and characteristics. At o =10 deg, the
only condition necessary for ensuring that 8 at some station Y
is close to B, is simply that Y/D > ~8. This is the case for the
data of Fig. 3. Although Y/D may take any value greater than
this minimum, the value of Y itself must be fixed. The reasons
for this are discussed later.

If all other parameters are held fixed, then at any spanwise
station an increase in D simply decreases Y/D. At a=10 deg,
B will only increase slightly with decreasing Y/Dif Y/D> ~8.
If Y/D falls below ~8, (3 increases rapidly, with a
corresponding change in the scale and features of the pressure
distribution. The increase in D results in the station’s being
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Fig. 8 Shift from outer to inner region with decreasing angle of
attack.

shifted inboard into the leading edge-dominated region, as
shown in Fig. 6. The four pressure distributions were
measured on the tunnel floor at Y~8.0 cm (3.15 in.). a=10
deg for all cases. The distributions for Y/D=28.57 and 24.89
do not differ significantly from those generated using a sharp
fin and are therefore in the outer region of the flowfield.
Decreasing Y/D from 8.57 to 6.57 causes a change in up-
stream influence, and the beginning of a change in the shape
of the distribution is already noticeable. This trend is even
more pronounced in the data shown in Fig. 7. These
measurements, made under identical flow conditions, are
along the innermost tap row, Y~2.9 cm (1.15 in.). The sharp
fin distribution and that corresponding to Y/D of 8.89 are
essentially the same. At Y/D=4.65 and 2.53, P,/ P, does not
change much, but S has increased significantly, with
corresponding changes in the scale and shape of the
distribution.

Two comments must be made about these results. First, the
boundary between the inner and outer regions which occurs at
Y/D ~ 8 will apply only for « in the neighborhood of 10 or 12
deg. At lower a, 8 and 8, do not come close to one another
until larger values of Y/D are reached. This implies that, for
the same range of Y/D as in Fig. 3, but at lower a, the
pressure distributions would not all correlate. Figure 8 shows
that this is the case. The five distributions were generated

“along the same tap row as in Fig. 3, using the same five

leading edges and the same incoming boundary layer, but with
« reduced to 4 deg. Upstream influence does not vary much,
but there are major differences in the shapes of the pressure
distributions. P,/P, does not change significantly for these
five flows, but 8 varies by almost 50%. As would be expected,
the distribution closest to that of the sharp fin occurs for the
largest value of Y/D. Thus at a=4 deg, the boundary be-
tween the inner and outer regions has moved out to Y/D ~ 30.

The results so far show that blunt and sharp fin-induced
pressure distributions at a given spanwise station correlate
providing all values of Y/D exceed some minimum value. The
second comment is an explanation of why correlations can be
obtained only at a fixed Y, although the values of Y/D may
vary. In Fig. 3, for example, Y~8.0 cm (3.15 in.) whereas
Y/D varies from 6.57 to 24.89. For the largest D (=1.27 cm),
Y/D is 6.57, which is below the minimum value of about 8
necessary for the correlation, so for this flow the station is in
the inner region. For the other blunt fins, Y/D>8, the data
sets correlate, and therefore Y~8.0 cm (3.15 in.) is in the
outer region. For each flow, however, Y~8 ¢cm (3.15in.)is a
different physical distance away from the boundary that
occurs at ~8D. Between Y~8D and Y ~8 cm (3.15 in.), each
blunt fin-induced interaction develops spanwise in the same
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Fig. 10 Common spanwise development of sharp and blunt fin
interactions; ¥~5.3 cm (2.1in.).

way as the sharp case. Thus at Y~ 8 cm the data sets correlate,
although Y/D varies from 8.57 to 24.89. If these same values
of Y/D were generated by fixing D and varying Y, the data
would obviously not correlate. Each station would
correspond to a different position in the sharp fin flowfield
and would have a different streamwise scale.

This behavior is illustrated in Figs. 9 and 10, which show
sharp and blunt [D=0.317 cm (0.125 in.)] pressure
distributions at Y ~2.75 cm (1.08 in.) and Y ~5.3 cm (2.1 in.),
respectively. These stations are at Y/6~2.3 and 4.3. Since
o= 10 deg, the boundary of the inner and outer regions of this
flowfield will be at Y ~2.5cm (1 in.) (i.e., Y/D~8). The inner
row, at Y=2.82 cm (1.1 in.), is just within the outer region,
and the data correlate with those of the sharp fin (Fig. 9). The
spanwise development of both flowfields is now the same, as
can be seen from the measurements at the next station, Y ~5.3
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cm (2.1 in.) (Fig. 10). Now, if D were approximately halved,
then along the inner row Y/D would be about 17-18. The new
data would still correlate with those already plotted in Fig. 9
since Y/D> ~8. On the other hand, data at the same Y/D
(i.e., 17), such as those in Fig. 10, but generated using the
original D, do not correlate with Fig. 9. The values of Y are
different, each corresponding to a different position in the
sharp fin flowfield, and thus each has a different physical
scale. The correlation process thus applies for a range of Y/D
at a given Y, but not for the same range of Y/D with variable
Y.

Through careful examination of the 280 measured pressure
distributions, Fig. 11 was constructed. It defines, as a func-
tion of «, the approximate boundary between the inner and
outer regions of the blunt fin-induced interaction. At each
station, comparisons were made between the pressure
distributions generated by sharp and blunt fins. If the up-
stream influence, overall length scale, general features, and
pressure levels of a given blunt case were essentially the same
as those of the sharp case, then that value of Y/D was con-
sidered as being in the outer region. In many cases, such as
that of Fig. 10, such a decision is easily made, but in others,
mainly at low «, it is more difficult. An exact boundary
cannot be determined, but a zone, the crosshatched area of
Fig. 11, can be defined. For <4 deg, the data set was in-
sufficient to define even an approximate boundary. At =0
deg, the comparison becomes meaningless, since there is no
interaction if the leading edge is sharp. The same boundary
location was observed for both the tunnel floor and flat-plate
tests. It should be noted that Fig. 11 was constructed using
data from experiments at a single freestream Mach number.
Since the location of the boundary zone is critically dependent
on the relationship between blunt and sharp fin shock wave.
shapes, it could be a function of Mach number.

With this approach, any blunt fin-induced flowfield can be
split into two regions. Since the scales and characteristics of
the pressure distributions in the inner region differ from those
of the sharp case, this area has been labeled ‘‘leading-edge
dominated.”” This poses the further question of whether the
description implies that 1) anywhere within this region,
pressure distributions generated by different-diameter fins in
different boundary layers can be correlated at a common
value of Y/D or 2) that point 1 holds over only a certain
portion of this inner region. To answer this question fully,
tests need to be made at critical regions of the a-Y/D matrix
using many different boundary layers. From the present tests
and other investigations, the following can be stated. On
centerline (i.e., Y/D=0), good correlations can be obtained
using D as a distance scaling parameter for flows in which
0.16 cm=<D<5.08 cm (0.06 in.<D<2 in.) (i.e., 1:32) and
0.33 cm=<6=<15.24 cm (0.13 in.<6=<6 in.) (i.e., 1:46). Off
centerline, the present tests show that for 6 deg<a <12 deg,
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this correlation technique is applicable over the range of Y/D
defined-by Fig. 11. In this case, the range of 6 used was
smaller, about 1:4, and the minimum range of D for which
checkpoints existed was 1:2. Further, other than the centerline
results, which spanned the range 2.9<M_ <35, the tests were
all conducted at a single value of M.

These results greatly simplify the general problem of
determining the spanwise development of blunt fin-induced
interactions. They effectively preclude the need to make
measurements over a wide area using many leading edges. The
primary task is to determine spanwise development for the
sharp fin, since the outer regions of all the blunt cases will be
the same. Only a limited series of tests using blunt fins would
then be needed 1) to establish the approximate location of the
boundary between the inner and outer regions and 2) to
confirm that within the inner region D is the appropriate
distance scaling parameter.

Concluding Remarks

An experimental study was made of fin-induced shock
wave/turbulent boundary-layer interaction. The tests were
made in a Mach 3, high Reynolds number, blowdown tunnel
using fins with sharp and hemicylindrically blunted unswept
leading edges. The wall temperature condition was ap-
proximately adiabatic. Streamwise surface pressure distribu-
tions were measured at several spanwise stations using dif-
ferent fin leading edges and incoming turbulent boundary
layers for angles of attack in the range 0-12 deg. The objective
of the test program was to investigate spanwise development
of the interaction and its dependence on the geometric and
flow parameters.

These measurements have shown the following:

1) In the blunt fin-induced interaction, there is an inner
region of the flowfield that can be described as leading edge-
dominated. Within this region, the scales and characteristics
of the interaction differ significantly from those generated
using a sharp fin. The properties are dependent primarily on
the leading edge diameter D and are only weakly affected by
substantial changes in incoming-boundary-layer thickness 6.

2) At a certain spanwise station Y, the streamwise pressure
distribution generated by a blunt fin has the same length scale
and general features as one generated at the same Y but using
a sharp fin. Outboard of this spanwise position, the scales and
characteristics of both interactions develop in the same way.
Thus, for the blunt fin, there is an outer region of the in-
teraction in which the properties are effectively independent
of leading edge blunting.

3) Spanwise development of the sharp fin-induced in-
teraction depends on the characteristics of the incoming
turbulent boundary layer. This means that, for blunt fins, the
interaction changes from one whose properties are controlled
by D in the inner region to one whose development outside the
inner region depends mainly on the incoming boundary layer.

4) The approximate location of the boundary zone between
the inner and outer regions of the blunt fin-induced flowfield
can be specified in terms of a number of leading edge
diameters. This number is a function of fin angle of attack.
Thus at any station Y, blunt and sharp fins will have the same
scale and characteristics providing all values of Y/D are
greater than the minimum defined by the boundary.

The preceding conclusions are based mainly on tests at a
single freestream Mach number. Since they can be related to
the angle-of-attack characteristics of blunt and sharp fin-
induced shock waves that depend on Mach number, they
could be different at other freestream conditions.
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