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The three-dimensional shock wave-turbulent boundary-layer interaction generated by a sharp fin is examined
both experimentally and theoretically at Mach 3 for a fin angle o, = 20 deg and Reynolds number Re; , =9 X 10°,

4

This study represents an extension of previous research for the sharp fin configuration to stronger interactions.
The experimental data include surface pressure profiles, surface streamline patterns, and boundary-layer profiles
of pitot pressure and yaw angle. Two separate theoretical approaches or “models” were employed. Both models
utilize the three-dimensional compressible Navier-Stokes equations in mass-averaged variables. The theoretical
approach of Knight employs the algebraic turbulent eddy viscosity model of Baldwin and Lomax, and the
theoretical model of Horstman employs the two-equation turbulence model of Jones and Launder coupled with the

wall function model of Viegas and Rubesin.

1. Introduction

HE focus of the present paper is the three-dimensional

oblique shock wave-turbulent boundary-layer interaction
generated by a sharp fin attached to a flat plate (Fig. 1). The
overall flowfield is determined by the upstream Mach number
M, the Reynolds number Reg, based upon the boundary-
layer thickness 8§, at the streamwise station corresponding to
the leading edge of the fin (where 8, is measured in the
absence of the fin), the nature of the thermal boundary
condition on the flat plate and fin (e.g., adiabatic or fixed
temperature), and the fin angle a,. This configuration has
been the subject of several experimental and theoretical inves-
tigations.! Experiments have focused principally on surface
measurements, and include the studies of Stanbrook,’
McCabe,> Law,* Kubota and Stollery,” Zheltovodov,®
Dolling,” and Goodwin.? In recent years, detailed boundary-
layer measurements have been obtained by Peake,” Oskam,
Vas, and Bogdonoff,'® and McClure and Dolling.!? Numerical
simulations using the three-dimensional Reynolds-averaged
Navier-Stokes equations have been performed principally at
Mach 3, and include the studies of Horstman and Hung'? and
Knight.!*~1> These computations, summarized in Ref. 16,
considered fin angles «, up to 10 deg at Mach 3. The
investigation of Horstman and Hung utilized the Escudier!’
turbulence model, while the later work of Horstman'® em-
ployed the Jones-Launder'® model. The investigations of
Knight utilized the Baldwin-Lomax?° turbulence model. These
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studies examined the efficacy of the theoretical models through
comparison with a wide variety of experimental data including
surface pressure, skin friction, heat transfer, pitot pressure,
yaw angle, pitch angle, and static pressure. In general, good
agreement was obtained with the experimental data. Recently,
a series of calculations have been performed by Horstman®' at
Mach 3 for a, =12 deg to 20 deg, and the results compared
with surface measurements (i.e., surface pressure and surface
flow visualization) of Goodwin.®

There are three objectives for the present paper:

1) Examine the accuracy of the theoretical models for
stronger interactions: The understanding of the efficacy of the
theoretical models requires detailed comparison with experi-
mental data for both surface and boundary-layer profiles. In
the latter case, the strongest three-dimensional sharp fin inter-
action examined previously at Mach 3 corresponds to a pres-
sure ratio p,/p,, =2.01 (a, =10 deg), where p, is the up-
stream static pressure and p, is the theoretical downstream
inviscid pressure. In the present study, the theoretical models
are examined for the three-dimensional sharp fin interaction
at Mach 3 and a, =20 deg, which exhibits a pressure rise of
3.7. This examination includes detailed comparison with ex-
perimental data for boundary-layer profiles of pitot pressure
and yaw angle.

2) Comparison of two different theoretical models: An
important objective of the present research is to examine the
computed flowfields for the three-dimensional sharp fin inter-
action using two different turbulence models. In this effort,
Navier-Stokes calculations have been performed by Knight
and Horstman using the Baldwin-Lomax and Jones-Launder
turbulence models, respectively. A principal issue is the de-
termination of the sensitivity of the computed flowfield to the
turbulence model employed.

3) Examine the flowfield structure of the three-dimensional
sharp fin interaction: Provided the theoretical models yield
good agreement with the experimental data for the Mach 3,
a, =20 deg configuration, the computed flowfields can be
utilized to examine and understand the flowfield structure of
this three-dimensional sharp fin interaction. Previous flowfield
models, developed, for example, by Token,* and Kubota and
Stollery,” may be examined using the computed flowfields.
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II. Description of Experiment

The experiments were performed in the supersonic high
Reynolds number wind tunnel at the Princeton University
Gas Dynamics Laboratory. The facility has a 20 cm X 20 cm
test section, with a nominal freestream Mach number of 2.93.
The settling chamber pressure and temperature were 6.8 X 10°
Pa41% and 251 K +5%, respectively. The boundary-layer
thickness 8, at the apex of the fin is 1.4 cm, yielding a
Reynolds number Rey,, =9.8 X 10°. The experiments were
performed under near adiabatic wall conditions.

The sharp fin is 14.21 cm long and 12.7 cm high. The fin
was fabricated from aluminum with a sharp unswept leading
edge, and oriented at a right angle to the tunnel wall (flat
plate). The fin was mounted in a unique variable-geometry
apparatus which permitted the achievement of fin angles
exceeding 20 deg, thereby extending the range of the experi-
ments beyond the earlier fixed-geometry configuration.!?

Surface pressure distributions were obtained along rows of
orifices aligned with the x direction. A kerosene-lampblack
technique?® was employed to obtain surface flow angularity.
The boundary layer on the tunnel wall (flat plate) was sur-
veyed using a computer-controlled nulling cobra probe!! which
measured pitot pressure p, and yaw angle B, where
B =tan"}(w/u) with (u, v, w) indicating the Cartesian veloc-
ity components in the (x, y, z) coordinate system (Fig. 1). The
survey locations,'® shown in Fig. 2, were selected to provide
detailed informatiun within the region between the line of
coalescence (three-dimensional separation line)® and the shock
wave, and the regio: downstream of the shock. The incoming
flow on the tunn~l wall is an equilibrium, two-dimensional
boundar: layer wiich has been extensively surveyed'“!! and
observeqd to closely fit the Law of the Wall and Wake.

III. Description of Computations

The governing equations are the full mean compressible
three-dimensional Navier-Stokes equations using mass-aver-
aged variables and strong conservation form."* The molecular
dynamic viscosity is give1 by Sut’.erland’s law. The molecular
and turbulent Prandtl numbers a-¢ 0.73 and 0.9, respectively.
Two separate turbulence models are employed, namely, the
Baldwin-Lomax (BL) algebraic model®® and the Jones-
Launder (JL) two-equation model.!® In the latter case, the
model incorporates the compressible wall functions of Viegas
and Rubesin,?*?

The computational domain is shown in Fig. 1. The
freestream conditions were chosen to closely match the experi-
mental configuration. The total pressure p,, =690 kPa for
both models, and the total temperature 7, = 256 and 267 deg
K, respectively, for the Baldwin-Lomax and Jones-Launder
models. On the upstream boundary ABHG, the flow variables
are held fixed at values obtained from a boundary-layer
solution which matched the experimental momentum thick-
ness. The boundary-layer thickness at the apex was 1.3 cm for
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Fig. 1 Physical region for three-dimensional sharp fin.
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the Baldwin-Lomax model and 1.4 cm for the Jones-Launder
model. On the solid surfaces ABCDEF and FEKL, the veloc-
ity is zero, a fixed temperature (near adiabatic) is applied, and
the normal derivative of the static pressure is set to zero. On
the symmetry boundary AFLG, the normal component of the
velocity is set to zero, and the normal derivatives of the
remaining flow quantities are assumed to be zero. On the right
boundary BCDIJIH, the gradient of the flow variables in the z
direction i= set to zero. The width of the domain is sufficient
to ensure the shock wave passes through the downstream
boundary EDJK, where the streamwise gradients of the flow
variables are set to zero. On the upper surface GHIJIKL, the
normal component of the flow variables is set to zero.

The computations employing the Baldwin-Lomax model
were solved by an efficient hybrid explicit-implicit numerical
algorithm'® on the VPS-32 at NASA Langley Research Center.
The VPS-32 is a vector-processing computer which is similar
to the CYBER 205. The calculations using the Jones-Launder
model were solved using the explicit numerical algorithm of
MacCormack?® on the Cray X-MP/24 at the NASA Ames
Research Center. The calculations employed a total of 64,956
grid points for the Baldwin-Lomax model, and 90,112 points
for the Jones-Launder model. Details of the grid resolution
are provided in Ref. 16.

IV. Results

A. Comparison with Experiment

The computed upstream boundary-layer profiles, matched
to the experimental momentum thickness at the apex of the
fin, provided good agreement with the experimental pitot
pressure at station 2, and even at stations downstream of the
line of coalescence, i.e., stations 3, 4, and 9 in Fig. 2. In Fig. 3,
the computed and experimental pitot pressure profiles are
displayed at station 5, located at x,=x— x4,q = — 148,
and z =588, where x4 is the location of the theoretical
inviscid shock at the specified spanwise location z. The station
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Fig. 2 Location of experimental surveys.
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Fig. 3 Pitot pressure at station 5.
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is approximately two-thirds of the distance between the line of
coalescence and the theoretical inviscid shock at this spanwise
position. The horizontal axis is the pitot pressure p,, normal-
ized by the upstream freestream pitot pressure p,.. The
vertical axis is the distance measured from the flat plate,
normalized by the upstream boundary-layer thickness 8, . The
experimental profile displays a slight undershoot in the pitot
pressure at y =0.38_. The computed profiles are in reason-
able agreement with the experimental data, and accurately
predict the observed overshoot in p,. The shock-capturing
nature of both numerical algorithms can be seen in the
smearing of the pitot pressure profile near y =1.56,,.

In Fig. 4, pitot pressure profiles are displayed at station 7,
located at x, = 0.68, and z = 5.85,, slightly behind the shock
wave. Good agreement is again observed. Both computed and
experimental profiles exhibit a distinct undershoot in the pitot
pressure at y = .48, . This phenomenon is associated with the
existence of a large vortical structure (see Sec. IV C). The
discrepancy in the computed pitot pressure outside the
boundary layer is associated with the shock-capturing nature
of the numerical algorithms, the difference in streamwise grid
spacing for the two computations, and the proximity of sta-
tion 7 to the shock. Note that the freestream pitot pressure
downstream of the shock wave exceeds the upstream
freestream pitot pressure. In Fig. 5, results are shown at
station 8, located furthest downstream of the shock at
x,=2.68_ and z = 5.88,. The comparison between computed
and experimental results is good. Additional profiles are pre-
sented in Ref. 16.

The computed and experimental yaw angle profiles at sta-
tion 5, located approximately two-thirds of the distance be-
tween the line of coalescence and the shock wave at this
spanwise position, are displayed in Fig. 6. The agreement
between the theory and experiment is good, although the
Jones-Launder model overpredicts the yaw angle in the outer
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Fig. 4 Pitot pressure at station 7.
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Fig. 5 Pitot pressure at station 8.
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portion of the boundary layer. The computed surface yaw
angles are 61 deg (BL) and 53 deg (JL), in reasonable agree-
ment with the experimental value of 60 deg.

The calculated and experimental yaw angle profiles at sta-
tion 7, located immediately downstream of the shock, are
shown in Fig. 7. The calculated results are again observed to
be in close agreement with experiment, although displaying a
somewhat less full profile near the surface. The predicted
surface yaw angles are 61 deg (BL) and 59 deg (JL), in close
agreement with the experimental value of 64 deg. In Fig. 8,
yaw angle profiles are shown at station 8, downstream of the
shock. The calculated and experimental profiles are observed
to be in excellent agreement. The predicted surface values of
52 deg (BL) and 50 deg (JL) are in close agreement with the
experimental value of 48 deg. Additional profiles are pre-
sented in Ref. 16.

In Fig. 9, the calculated surface pressure for both models is
compared with the experimental data of Goodwin® for the
same configuration at z = 6.868,,. Both models accurately pre-
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4~
3r emmms EXPERIMENT — SHAPEY
— == THEORY — HORSTMAN
==+=—= THEORY — KNIGHT
S2f
=
1
1] 1 | 1 Il L ! Il
-10 0 10 20 30 40 50 60

YAW ANGLE, deg

Fig. 8 Yaw angle at station §.



1334 KNIGHT, HORSTMAN, SH

4~
O  EXPERIMENT - GOODWIN _ _____
————— THEORY — HORSTMAN .7,
— -~ THEORY — KNIGHT 0‘56/
s
3+ /7
/
£y
/y
9
5
o
daf /5555
o;'
1
0 L 1 1 1 | I
-15 -10 -5 0 5 10 15
X - XgHQOCK: M
Fig. 9 Surface pressure at 7 = 6.85 .
6 ]
THEORY | ]
— — — — HORSTMAN ! :
- — KNIGHT | |
4 '
1
3 |!
> 'y
/
L /
2 /,
/
“‘_‘__,_,—(‘J—
- |
0 5 1.0
UM,
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dict the extent of the upstream influence, and the overall
pressure distribution. However, this close agreement is not
necessarily observed for all three-dimensional sharp fin inter-
actions. In particular, computations by Horstman?! at Mach 3
for a =14 to 18 deg and Re;,, = 2.2 X 10° exhibit significant
quantitative differences in the surface pressure distribution in
comparison with experiment (e.g., differences of 25% in the
plateau pressure), although displaying close agreement with
the measured upstream influence.

B. Further Comparison of Computed Flowfield

A detailed comparison of the computed flowfields of Knight
and Horstman was performed to determine the global extent
of similarity of the two theoretical approaches. Profiles of the
computed x-component velocity, yaw angle, pitch angle
y = tan"Y(v/Vu? + w?), pitot pressure, Mach number, and
turbulent eddy viscosity were examined at a selected stream-
wise station x =118 for z — z5, =8, to 10§, in increments
of 68,, where z;, is the width of the fin at a given x. A
representative sample is displayed in Figs. 10-13, correspond-
ing to x=118, and z — zg, =68,. The position is roughly
halfway between the line of coalescence and the shock wave
(as measured in the stream-wise direction) at this spanwise
location. The x-component velocity, yaw angle and pitch
angle profiles, shown in Figs. 10, 11, and 12, respectively, are
observed to be in very close agreement. Differences in the
computed yaw angle occur only within the region y < 0.36,,.
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Note that it is difficult to define a “local” boundary-layer
thickness within the three-dimensional interaction region due
to the nonuniformity of the inviscid flow.!® In Fig. 13, how-
ever, the eddy viscosity profiles indicate a significant dif-
ference; in particular, the peak values of the turbulent eddy
viscosity € differ by a factor of 14. It is emphasized that this
difference in eddy viscosity between the two models is typical
of the profiles within the three-dimensional interaction region.
Within the nominal two-dimensional portion of the boundary
layer upstream of the interaction, the eddy viscosity profiles
are in reasonably close agreement.

It is evident from Figs. 10-13 and the additional numerous
profiles studied that the details (i.c., the velocity, pressure, and
temperature) of this three-dimensional turbulent interaction
are relatively insensitive to the particular turbulence model
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employed, with the exception of a small fraction of the
boundary layer adjacent to the surface where modest dif-
ferences are observed in the yaw angle. This implies therefore
that the principal elements of the flowfield structure are
rotational and inviscid, except within a small portion of the
boundary layer adjacent to the wall where the specific details
of the turbulence structure are important and may not be fully
manifested in either turbulence model. This represents a sig-
nificant result for three-dimensional interactions, and is nota-
bly different from two-dimensional separated shock/bound-
ary-layer interactions wherein the differences between the
computed flowfields obtained using algebraic and two-equa-
tion turbulence models are significant.”” There is no reason to
expect, however, that the insensitivity to the turbulence model
displayed in the three-dimensional sharp fin interaction will
necessarily apply to other three-dimensional turbulent interac-
tions.

C. Flowfield Structure of Three-Dimensional Sharp Fin

On the basis of the close agreement between the computed
and experimental data, the computed solutions can be utilized
to examine the flow structure of the three-dimensional sharp
fin interaction. The close similarity of the computed velocity,
yaw and pitch angle profiles for the Baldwin-Lomax and
Jones-Launder models implies a close agreement in predicted
mean streamlines, which was confirmed through detailed com-
parison of numerous particle traces.

In Figs. 14 and 15, the computed surface skin friction lines
obtained using the Baldwin-Lomax and Jones-Launder mod-
els are shown. The figures are drawn using the same scale. The
lines of coalescence (separation) and divergence (attachment)
are indicated. These specific features are in general agreement
with the experimental kerosene lampblack visualization as
described previously, although the computed lines of coales-
cence appear further downstream than in the experiment. In
particular, the experimental line of coalescence at z/8, =10
(the approximate spanwise limit of the experimental kerosene
lampblack visualization) is x,= —5.75,,, whereas the com-
puted lines of coalescence using the Baldwin-Lomax and
Jones-Launder models occur at x,= —4.5§ and —3.58,,
respectively. These discrepancies represent approximately one
and five streamwise grid spacings for the Baldwin-Lomax and
Jones-Launder calculations, respectively. Further investiga-
tions of three-dimensional turbulent interactions are needed
to understand the effects of the turbulence models on the
calculated lines of coalescence.
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Fig. 14 Computed surface skin friction lines (Baldwin-Lomax).
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A series of calculated mean streamlines and surface skin
friction lines are displayed in Figs. 16-18, obtained from the
computed solution utilizing the Baldwin-Lomax model. In
Fig. 16, a series of 12 lines is shown. First, a set of six surface
skin friction lines originate from a station upstream of the
interaction at spanwise increments equal to 8,. These lines
define the line of coalescence. Second, a series of six stream-
lines originate upstream of the interaction at y=0.00488 .
These streamlines rise and cross the line of coalescence, and
appear to concentrate within a core. In Fig. 17, another series
of 12 lines is shown. First, the same set of six surface skin
friction lines is drawn to define the line of coalescence. Sec-
ond, a series of six streamlines originates upstream of the
interaction at y = 0.528,. These streamlines rise and cross the
line of coalescence, and rotate in a counterclockwise direction
(as viewed by an observer, located at the leading edge of the
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Fig. 15 Computed surface skin friction lines (Jones-Launder).

Line of Coalescence

Fig. 16 Computed surface skin friction lines and mean streamlines
originating upstream at y = 0.00483_.

Line of Coalescence

Fig. 17 Computed surface skin friction lines and mean streamlines
originating upstream at y = 0.525_.
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Line of Coalescence

Fig. 18 Computed surface skin friction lines and mean streamlines
originating upstream at y = 0.00483_ and 0.523 .
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Fig. 19 Mean flowfield structure.

fin, looking along the line of coalescence). The rotational
motion brings this higher-energy fluid, originating in the outer
portion of the boundary layer, close to the surface. In Fig. 18,
the three families are drawn. The streamlines originating at
y=0.528, are observed to rotate counterclockwise around
the streamlines originating at y = 0.00488,.. The low-energy
fluid originating near the surface (Fig. 16) rises within the
boundary layer. The high-energy fluid originating in the outer
portion of the boundary layer (Fig. 17) is swept underneath
the lower-energy fluid. The combined effect yields an under-
shoot in the pitot pressure within the boundary layer (Figs.
3-5).

A general mean flowfield pattern, developed on the basis of
the streamline patterns, is displayed in Fig. 19. As suggested
by Token,?? the flowfield structure of the three-dimensional
sharp fin at the present conditions is dominated by a large
vortical structure. The line of coalescence (separation) defines
the origin of the three-dimensional separation surface (surface
1). The line of divergence (attachment) represents the intersec-
tion of a second surface (surface 2) with the wall. This second
surface extends upstream into the undisturbed flow. The fluid
contained between the wall and the second surface becomes
the vortical structure, while the fluid above the second surface
flows toward the wall and approximately parallel to the fin.

The computed flowfields'>*> for the three-dimensional sharp
fin at Mach 3 for a,=10 deg and Re;, =3.4x10° and
8.8 X 10° were examined to determine the relevance of the
above flowfield structure. A detailed study of flow streamlines
indicated that the same structure is applicable. The interaction
at a =10 deg and Mach 3, however, is substantially milder,
and the vortical structure, although evident in the streamline
pattern, is relatively weak. The magnitude of the rotational
motion within the vortical structure is substantially less than
for a, =20 deg, as expected from the smaller values of the
flow yaw angle.

ATAA JOURNAL

V. Conclusions

An experimental and theoretical study was performed for
the three-dimensional shock wave turbulent boundary-layer
interaction generated by a sharp fin at Mach 3 for a fin angle
a, = 20 deg and Reynolds number Re,,, =9 X 10°. This study
extends previous experimental and theoretical investigations
of the three-dimensional sharp fin interaction to stronger
interactions. Two separate theoretical approaches or “models”
were employed, both of which utilize the three-dimensional
compressible Navier-Stokes equations. The theoretical ap-
proach of Knight employs the algebraic turbulent eddy viscos-
ity model of Baldwin and Lomax, and the theoretical model of
Horstman employs the two-equation turbulence model of
Jones and Launder coupled with the wall function model of
Viegas and Rubesin. The principal conclusions are:

1) The computed surface pressure, surface streamlines, pitot
pressure, and yaw angle profiles are observed in good agree-
ment with the experimental data, thereby confirming the
efficacy of the theoretical approaches which were previously
validated for the three-dimensional sharp fin configuration at
Mach 3 for smaller a, (ie., weaker interactions).

2) The three-dimensional velocity fields computed by both
models are in close agreement, as indicated by a detailed
evaluation of x-component velocity, pitch, and yaw angle
profiles. Modest differences were observed in the computed
yaw angle in a narrow region of the boundary layer adjacent
to the wall. The turbulent eddy viscosity profiles, however,
differ significantly within the three-dimensional interaction.
This result implies that the overall structure of this three-
dimensional sharp fin interaction is insensitive to the turbu-
lence model, except within a small portion of the boundary
layer adjacent to the surface where the turbulence structure is
important and may not be fully manifested in either turbu-
lence model. Detailed experimental data on surface skin fric-
tion and heat transfer are needed to elucidate the differences
in the turbulence models near the surface. Overall, the prin-
cipal elements of the flowfield structure are rotational and
inviscid, except near the wall as indicated.

3) The calculated flowfields display a prominent vortical
structure associated with the shock/boundary-layer interac-
tion in agreement with the flowfield models of Token,?* and
Kubota and Stollery.® A three-dimensional surface of sep-
aration emanates from the line of coalescence (separation),
and spirals into the vortical center. A second surface, emanat-
ing from upstream, intersects the wall at the line of divergence
(attachment), and defines the extent of the fluid entrained into
the vortical structure.
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