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Study of Supersonic Intersection Flowfield at
Modified Wing-Body Junctions

B. Lakshmanan* and S. N. Tiwarit
Old Dominion University, Norfolk, Virginia 23529

The problem of supersonic flow control using fillets and sweep for a wing-body junction has been investigated
numerically using a three-dimensional Navier-Stokes code, which employs the MacCormack’s time-split finite
volume technique. An elliptic grid generation technique with direct control over spacing has been developed for
constructing the grid at a filleted wing-body junction. The computed results for pressure distribution, particle
paths, and limiting streamlines on the flat plate and fin surface for a swept fin show a decrease in the peak
pressure on the fin leading edge and in the extent of the separated flow region. Moreover, the results for filleted
juncture clearly show that the flow streamline patterns lose much of their vortical character with proper filleting.
It has been demonstrated that fillets with a radius of three-and-one-half times the fin leading-edge diameter are
required to weaken the vorticity in the horseshoe vortex by a factor of three for the Mach number and Reynolds

number considered in the present study.

Nomenclature
a = speed of sound
CFL = Courant-Friedrichs-Lewy number
Cr = skin friction coefficient
D = diameter of the fin
E = total energy per unit mass
e = specific internal energy, 7/y(y — 1)
H = height of the fin
T = index in £ direction
J = index in » direction
k = index in { direction
L, L,, Ly = finite difference operators in &, 5, and ¢
directions
M = Mach number
Pry = laminar Prandtl number
Pr, = turbulent Prandtl number
D = static pressure
R = radius of the fillet at the juncture
T = static temperature
t = time
q = vector of conserved variables
u = velocity component in x direction
y = velocity component in y direction
w = velocity component in z direction
X, 0z = global coordinates
Xo = distance from the flat plate leading edge to fin
leading edge
0% = ratio of specific heats, ¢,/¢c,
At = time step used in the split operators
] = boundary-layer thickness
A = fin sweep angle
A = second coefficient of viscosity, — ¥u
i = dynamic molecular viscosity
&, ¢ = body oriented coordinates
o = density
g = safety factor in the stability criteria equation
w = vorticity magnitude
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Subscripts

e = evaluated at the boundary-layer edge
corresponding to u/u, = 0.995

12 = measured using a pitot tube

o0 = evaluated in freestream conditions

Introduction

ANEUVERING flight vehicles operating from subsonic

to supersonic speeds encounter three-dimensional sepa-
ration at several intersecting surfaces such as wing-fuselage
and wing-pylon junctions and air-breathing engine inlets. The
flow originating at the intersecting surfaces depicts complex
flow patterns that may significantly affect the performance of
the aircraft. The major effects are increased pressure and heat
transfer level in the vicinity of the intersections and loss of
control effectiveness due to flow separation. Thus, the predic-
tion and control of complex three-dimensional separated
flows is of vital importance to the aircraft designer. A variety
of simplified geometrical configurations have been studied to
understand the physical aspects of three-dimensional sepa-
rated flows. Some of these include 1) a sharp fin mounted on
a flat plate, 2) a blunt fin mounted on a flat plate, 3) a swept
compression corner, and 4) a semicone affixed to a flat plate.
In this paper we consider the high-speed flow past a blunt
fin/flat plate junction (Fig. 1), which is a typical example of
junction flow. This type of flowfield is characterized by the
presence of shock waves in the flowfield in addition to the
vortical structures observed in low-speed flows.!2 The de-
tached bow shock formed ahead of the fin induces a strong
adverse pressure gradient to the flat plate boundary layer. This
gradient results in a separated flow region composed of horse-
shoe vortices downstream of the separation point and a
lambda-type shock in the plane of symmetry. Immediately
downstream of this vortex, there appears to be one or more
vortices, depending on the geometric and flow parameters.
The reversed flow in the vortices is constantly replenished by
the separated stream flow and spirals downstream very
rapidly. The compressed separated flow ahead of the fin accel-
erates to supersonic velocities in escaping around the fin to
regions of low pressure. A strong corner vortex originates at
the fin root and spreads out as it follows the fin root down-
stream. In addition, the separation shock emanating from the
separated flow region impinges on the bow shock and is re-
flected. A shear layer starts at the triple point and separates
the subsonic flow from a jet of supersonic flow. The flow in
the supersonic jet passes through several oblique shocks (see
the enlarged view of the supersonic jet in Fig. 1) and is com-
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Fig. 1 Simplified flow structure at the blunt fin/flat plate junction.

pressed nearly isentropically leading to extremely large pres-
sure and high heat transfer locally on the fin leading edge and
adjoining regions in the immediate vicinity of the fin root.
Three-dimensional shock wave and boundary-layer inter-
acting flows, induced by circular cylinders or hemispherically
blunted fins in supersonic boundary layers, have been the
subject of extensive experimental and analytical research over
the past few years. A juncture flow problem was investigated
experimentally by Sedney? using a flow visualization technique.
The main objective of the experiment was to correlate the
separation distance as a function of Mach number, Reynolds
number, and obstacle dimensions. Experiments have been
carried out by previous investigators on a class of related
problems to study the effect of transition properties on diame-
ter of the fin,*'® height of the protuberance,*®° incoming
boundary-layer thickness,*#1%-11 and Reynolds number,*811:14.15
Most of the experimental studies have concentrated on obtain-
ing the flow characteristics in the plane of symmetry. Dolling
et al.,'>13 however, have examined the spanwise extent of the
disturbed flowfield. Price and Stallings® measured the wall
pressure distributions at selected spanwise locations for a wide
range of fin diameter, sweep angle, and height of the pro-
turberance. Young et al.'¢ experimentally investigated strong
interactions between fin generated shock waves and laminar
and turbulent boundary layers for Mach 3 and 5 flows. Ozcan
and Holt!” recently investigated the high-speed laminar flow
characteristics of a circular cylinder on a flat plate using the
oil flow visualization technique. Hung and Kordulla!® devel-
oped a general finite volume algorithm to study the blunt fin
induced shock wave/turbulent boundary-layer interaction
whereas Horstman'® and Knight?® studied the sharp fin induced
shock wave/turbulent boundary-layer interaction problem.
Because of the complexity of the problem, most of the
experimental studies have concentrated on obtaining the flow
characteristics in the plane of symmetry and selected spanwise
locations. With the availability of vector processors such as
the Cray II and Cyber 205, solutions of three-dimensional
Navier-Stokes equations for realistic configurations are now
possible. The specific objective of the present study is to
control the supersonic intersection flowfields through filleting
and sweep. Attention is specifically directed toward modifying
the supersonic wing-body junction with circular and continu-
ous fillets and fin sweep. The ultimate goal of the research
effort is to predict the optimal fillet radius and fin sweep to

weaken the horseshoe vortex and thereby achieve a smooth
flow with minimum distortion.

Physical Model and Theoretical Formulation

The physical model and coordinate system for the flow past
a blunt fin/flat plate junction are shown in Fig. 1. As men-
tioned in the Introduction, a high-speed flow past such config-
urations results in a complex flow structure with viscous-invis-
cid and shock-shock interactions. The essential features of the
flowfield are shown in Fig. 1 in a simplified form.

The theoretical formulation of the problem starts with the
nondimensional form of the compressible three-dimensional
Navier-Stokes equations cast in the generalized body oriented
coordinate system. Specifically, the integral form of the
Navier-Stokes equations without external body forces and
source terms is used, and this is expressed as?!

a%jquv + Ss(qu +b)-nds =0
g.=(p, pu, pv, pw, pE)T
E=¢ + V2 + v+ w?)
b= (b, b, be)"
b,=0

b, =pl + M Re;'r

7= —Ndivul — p[(grad u) + (grad u)7]

b, = —yMu(RepPr)~'u grad e; + pu + MoRep lveuw ()

The nondimensionalization of the governing equations is car-
ried out by normalizing the Cartesian velocity components (i,
v, w) by the sound speed a.., the density p by p.., the specific
internal energy e¢; and the total internal energy E by a2, and p
by peaZ. The viscosity coefficients X and p are normalized by
the molecular viscosity u.. The governing equations are fur-
ther supplemented by the following equations of state:
p = /)T, e=T/y(y-1), = a*=T (2

where T is normalized by the freestream static temperature.

The preceding system of equations is valid for both laminar
and turbulent flows by replacing the molecular transport coef-
ficients with their turbulent counter parts, i.e.,

p=mt+ (3a)
[k B Pt
— =t — 3b
Pr Pr, Pr, (30)

where p, represents the turbulent eddy viscosity. The molecu-
lar dynamic viscosity is evaluated using Sutherland’s law of
viscosity.

Turbulence Modeling

An important conclusion of the numerical study of Knight
et al.22 was that the overall structure of the three-dimensional
sharp fin interaction flowfield was insensitive to the turbu-
lence model employed, except within a small portion of the
boundary layer adjacent to the flat plate surface. They used
two different turbulence models, the algebraic eddy viscosity
model of Baldwin and Lomax® and the k-¢ model. This
method resulted in significant differences in computed turbu-
lent eddy viscosity profiles. However, the velocity profiles
computed by both models were in close agreement. Similar
conclusions were reached by Hung and Bunning?' in the simu-
lation of a blunt fin interaction flowfield. It was demonstrated
that the overall structure of the horseshoe vortex was inviscid
dominated and was only weakly dependent on the incoming
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boundary-layer thickness. Based on these observations and
because of the computational simplicity, it was decided that
the Baldwin and Lomax® turbulence model would be used in
the present study. However, no attempt was made to account
for the history and amplification of turbulence intensity after
a sudden strong compression through a shock wave. The use
of more realistic or complex turbulence models is left for
future studies.

Thin-Layer Approximation

For high-Reynolds-number flows, the effects of viscosity .

are confined to a thin layer near the wall boundary. In this
region, the viscous terms in the normal direction dominate the
flow and the viscous effects along the body direction are
usually small and negligible. The development of the thin-
layer approximation by Baldwin and Lomax?® is based on this
concept, with the retention of the unsteady and all of the
inviscid terms of the Navier-Stokes equations. The extension
of thin-layer approximation to two directions was demon-
strated in a previous study of supersonic flow over an axial
comer.?* Here, the concept is extended to the case of thin
layers in all three directions for a general coordinate system.
All of the viscous terms associated with the cross derivatives
are neglected compared to normal second-derivative terms.
The neglected cross derivatives near the wall can be of the
same order of magnitude as the normal derivatives, but the
flow there contains comparatively very low momentum fluid.
Hence, such an approximation will not significantly influence
the flow at the junction. The use of thin-layer approximation
greatly simplifies evaluation of the viscous terms and allows
easy vectorization of the algorithm.

Boundary and Initial Conditions

The fin is assumed to be semi-infinite in height and length.
Consequently, zeroth order extrapolations can be applied in
these directions. The fin is assumed to be at zero angle of
attack, and a symmetry boundary condition is imposed at the
plane of symmetry. The wall is assumed impermeable, and
no-slip and no-penetration boundary conditions are applied.
The wall conditions are also assumed to be adiabatic, and the
pressure has a zero gradient normal to the wall.

The outer boundary J = J,,« is set far away to avoid any
influence on the interaction region. Since the flow is
boundary-layer-like at these locations, theoretically one can
specify a boundary-layer profile on the flat plate at each axial
location along the outer boundary. These profiles can be
generated easily from their corresponding points of a flow
over an isolated flat plate using a boundary-layer code. In the
present study, the region of interest is assumed small com-
pared with the length of the flat plate generating the incoming
boundary-layer profile. Hence, the variation of the boundary-
layer profile at the outer boundary is assumed small and is
neglected. Therefore, one predetermined boundary-layer pro-
file is prescribed for all x locations along the outer boundary.

The initial conditions required to initiate the computation
are obtained by simply propagating the specified boundary
~profiles at J = Ja everywhere in the computational domain.
To correct the erroneous occurrence of negative density in the
flowfield and thereby allow a large CFL number to be used
during the startup phase, the blunt body starting condition as
suggested in Ref. 18 is used.

Method of Solution

Grid Generation

As shown in Fig. 2, a modified elliptic grid generation
technique® with direct control over the grid spacing is used
to generate the mesh at a filleted wing-body junction and
swept fin/flat plate junction. The equation of the super ellipse
(x/a)' + (y/b)" = 1is used to generate the grid for the filleted
junction. The grid lines are clustered near the plate and fin
surfaces as well as near the connecting surface region using a
geometric grid stretching formula to provide adequate resolu-

tion of the viscous effects. The three-dimensional grid em-
ployed in the flow computation is generated by rotating the
grid in the plane of symmetry about the fin leading edge.
Because the flow is assumed to be symmetric, only one-half of
the flow is computed.

Computational Procedures

The computer program used in this study is coded for a
three-dimensional generalized body-fitted coordinate system.
As such, various geometries can be handled by the code. The
code employs the MacCormack’s explicit predictor-corrector
method?® using the time-split finite volume technique.

The time splitting reduces the complex three-dimensional
operators into a sequence of three one-dimensional operators.
Thus, the split operator contains the spatial flux derivatives in
only one direction. The finite difference formulation in terms
of the split operators can be expressed as

§" "2 = L(ADLAANLQALAAL)L (At)g" “)

Each split operator consists of a predictor and a corrector
step. During a specific numerical sweep, the inviscid fluxes are
forward differenced in the prediction sequence and backward
differenced in the correction step. The viscous fluxes are al-
ways centrally differenced. The composite numerical method
is second-order accurate in both time and space, is condition-
ally stable, and requires no scalar or block tridiagonal inver-
sions. Artificial smoothing terms are explicitly added to the
fluxes to stabilize the numerical scheme when computing flows
with strong shocks. Since an explicit scheme is utilized in
the present study, the time step used for integrating the gov-
erning equations is restricted by the stability criteria. Because
of the complex nature of the compressible Navier-Stokes
equations, it is not possible to obtain a closed-form stability
expression for the MacCormack scheme applied to these equa-
tions. However, the following empirical formula can normally
be employed:

Al < O’(Af)CFL (5)

In Eq. (5), o is the safety fac_tor (=0.9) for viscous problems
and (At)cgy is the inviscid CFL condition given by

iwl \/ 1 1 )“
(Ax)2 (A)’)2 (Az)?

®

lul vl

At =|—+
(Af)crr <Ax Ay

Results and Discussion

Numerical solutions for laminar and turbulent flows were
obtained for several cases that are discussed in detail in Refs.
1 and 2. For the sake of brevity, only selected results of the
grid refinement study carried out for the laminar flow past a
blunt fin/flat plate junction have been included in Fig. 3. To
check the numerical accuracy of the solution procedure, the
flowfield results were obtained using three different meshes

FLAT PLATE

Flg2 Gﬁd ;tfuc(ure at a filleted wing-body junction..
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Fig. 3 Effect of grid refinement on the computed axial velocity
profile for a laminar flow past a blunt fin/flat plate junction.

20~
= SWEEP COMPUTED EXP.(Price and
Il N Nailings, 1987)
1.6 ll .[ ° (34 -_ e
) 4s° —— ]
L v L) A ® \ o0 —_— Y
v u & e
: s p.=1983 N/m?, T.=90K
1.2+ M - ! =
t ,- LS M eesem
L.
B [oia s <
sk ¥ "
/ " .
v /- Y
R . o
: :.
&k
IL . .
" by
)
& 8
/P2

Fig. 4 Comparison of pressure distribution on the fin leading edge
for various fin sweeps.

30 % 50 x 30, 40 x 100 x 30, and 40 x 100 % 50. It was found
that the velocity profiles displayed some sensitivity to grid
refinement (Fig. 3) but the overall topological structure of the
flow was unchanged. In addition, the most upstream extent of
separation did not show arty significant change with grid re-
finement. Because the extent of turbulent separation ahead of
blunt fins is much shorter and the horseshoe vortex flowfield
is inviscid dominated, it was decided to use a 40 X 45 X 45 mesh
for all computations in the present work. With this grid, all
pertinent flow features are adequately resolved.

For the turbulent flow past a swept fin, the results are
compared with experimental measurement of Price and
Stallings® in a high Reynolds number flow. After this valida-
tion, the results of filleted fin-induced interactions are com-
pared with the results of the blunt fin interactions.

Turbulent Flow Past a Swept Fin

For the case of swept fin induced shock wave/boundary-
layer interaction, comparative results were obtained for the
_following specific conditions:

M, =3.71, To = 339K,
=D =5cm, H =35cm,

P, = 203,055 N/m?
A =0 deg to 60 deg

The pressure distributions along the fin stagnation line are
compared in Fig. 4 for various fin sweep angles. The pressure
is nondimensionalized by the total pitot pressure behind the
bow shock, p;,. The agreement between the numerical results
and the experimental data is seen to be good except for the
zero sweep blunt fin, where the level of pressure is underpre-
dicted in the boundary layer and overpredicted in the inviscid
region. The experimental measurements® indicated that “‘an
irregular pressure distribution doés in fact occur and the loca-
tion of peak pressure within the boundary layer is a function
of sweep as well as Mach number. Lack of data in the region
near the wall prevents identifying a peak for any of the other
models: with this diameter. A more complete experimental
investigation would have to be performed to define, for a
certainty, the flow model responsible for this irregular pres-
sure distribution.”” A close examination of the figure reveals
that as the fin sweep angle increases, the magnitude of peak
pressure decreases considerably from 1.2 to 0.2. The variation
in pressure from tlie position of peak to minimum  is sub-
stantially reduced by increasing fin-sweeps. The increase in
pressure in the direction towards the plate surface from the
position of minimum is not seen for fin sweep angles greater
than 30 deg. : ' a
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.
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Fig. S ) Comparison of pressure distribution on the flat plafe Y/D
=const: a) along Y/D = 0.0 and b) along Y/D = 1.5.
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The comparison of pressure distribution on the flat plate
along the line of symmetry (Y/D = 0) and off the line of
symmetry (Y /D = 1.5) is illustrated in Fig. 5. Again the agree-
ment is very good. The code is able to simulate all of the
pertinent flow features such as upstream influence, pressure
rise due to flow separation from the flat plate, and double
peaks in pressure off the line of symmetry. Further examina-
tion of the results reveal a low-pressure region between the
first peak in pressure and the final compression region along
the line of symmetry (Fig. 5a). The low-pressure region ob-
served is due to the existence of a reversed high-speed flow
region. However, for sweep angles greater than 30 deg the
low-pressure region is not seen. The disappearance of the
low-pressure trough region for high fin sweep angles demon-
strates the weakening of the main horseshoe vortex with the
sweep. Further examination of the results illustrates that the
sweep considerably decreases the upstream influence. The ap-
pearance of double peaks in pressure on the flat plate away
from the plane of symmetry (Fig. 5b) can be explained by
following the conclusions reached by Hung and Bunning.?!
Off the line of symmetry, the second peak in pressure is a
result of the expansion as the flow passes over the blunt fin.
The low-pressure region between the two peaks in pressure is
caused by the high velocity near the plate under the core of the
vortex. This high velocity and low pressure under the core of
a vortex is a typical phenomenon called the ground effect of a
vortex. Such phenomena occur usually in separated cross
flows but are seldom explained.

The computed limiting streamline patterns are shown in Fig.
6 for blunt and 60-deg swept fins. The separation and reat-
tachment lines are also marked. The foot trace left by the
horseshoe vortex as the flow goes around the fin is clearly
observed in the area bounded by the separation and reattach-
ment line. It is apparent that the spanwise influence exerted by
the horseshoe vortex on the juncture flow is considerably
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Fig. 7 Pressure distribution on the flat plate for various types of
junctions.

reduced for high sweep angles. In particular, at a sweep angle
of A = 60 deg, the flow beyond the spanwise location Y/D =
3.0 (Fig. 6b) is unaffected from the juncture effect. However,
in the case of the blunt fin the extent of the disturbed flow
persists up to Y/D = 6.0 (Fig. 6a).

Turbulent Flow Past a Filleted Fin

For the case of turbulent flow past a filleted fin/flat plate
junction, results were obtained corresponding to the following
conditions:

M, =24,

Toe =312K, P, = 27,000 N/M?

6=35cm, D =2.5cm, H =20 cm

R=5and 9 cm

The pressure distributions along the line of symmetry are
compared in Fig. 7 for various types of junctions. It is clear
that the pressure distributions due to filleted junctions are
greater in magnitude than those measured at corresponding
points with the unmodified junction. An interesting feature of
the surface pressure distribution in the plane of symmetry is
the ‘“trough’’ in pressure that occurs ahead of the leading edge
in all of the junctions considered in the present study. As
mentioned before, the low-pressure region is caused by a high
velocity under the core of the horseshoe vortex. With the fillet,
this trough is less pronounced and occurs further upstream
from the fin leading edge, suggesting that the horseshoe vortex
has considerably diminished in strength. Moreover, with an
increase in fillet radius the separation point moves further
upstream of the fin leading edge. The fillet does not com-
pletely eliminate leading-edge separation or the formation of a
horseshoe vortex. Instead, it displaces the separated flow away
from the fin surface in a manner that suggests it increases the
effective radius of the nose of the fin. A similar trend in results
was observed in a low-speed turbulent flow past filleted wing-
body junctions.?’

The computed vorticity contours in the plane of symmetry
are shown in Fig. 8 for unmodified and modified junctions.
Clearly, in the case of the modified junction, there is a factor
of three reduction in the magnitude of vorticity in the core of
the horseshoe vortex as compared with the unmodified junc-
tion. Furthermore, in the case of the modified junction, the
vorticity contours are deformed and elongated as compared
with the unmodified junction in which there is a concentration
of vorticity at the center of the vortex. Because in the present
work the mixing length model was used, it was not possible to
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compute the turbulence level at the junction. To evaluate the
turbulence level one needs to use a k-e model.
The computed particle paths in the plane of symmetry are
shown in Fig. 9 for unmodified and modified junctions. The
_influence of filleting on the flow structure is apparent as
compared to the unmodified junction. The particle paths
demonstrate that the horseshoe vortex deforms and the flow
streamlines within the boundary layer lose much of their vorti-
cal character with proper filleting (see also Fig. 10). Other
results presented in Ref. 1 indicate that the separation on the
fin surface due to the comer vortex is prevented completely in
the case of the modified junction. The time-averaged stream-
lines are shown in Fig. 10 for unmodified and modified junc-
tions employing circular fillets. Here the fluid particles are
released at I = 1, J = J,,, along the same physical locations in
the z direction to clearly show the global effect of fillets on the
juncture flow. It is apparent that the released particles outside
" the boundary-layer region proceed undisturbed in both junc-
tions. However, the particle trace within the boundary layer of
the unmodified junction continues to roll up far downstream
of the juncture as compared with the modified junction, in
which the rollup is considerably reduced. These results demon-
strate the improvements to the flow structure obtained by
suitably modifying the junction and its effect on the helical
vortex structure in supersonic flows.

Conclusions

The supersonic flow past a fin and flat plate junction is
simulated numerically using a three-dimensional Navier-Stokes
code. The results for swept fin induced shock wave/turbulent
boundary-layer interaction are in good agreement with experi-
mental measurements. Detailed information on the computed
pressure distribution and limiting streamline pattern on the
flat plate surface for the swept fin clearly shows a considerable
decrease in the spanwise extent of the disturbed flow. The
numerical study of filleted junctures demonstrates that it is
possible to reduce the magnitude of vorticity in the horseshoe
vortex by a factor of three with proper filleting. However, the
leading-edge separation and formation: of the horseshoe vor-
tex could not be completely eliminated. Fillets with a radius of
three-and-one-half times the fin leading-edge diameter are
required to substantially weaken the usual necklace vortex
interaction for the Mach number and Reynolds number con-
sidered in the present study.
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