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Computation of the Asymmetric Vortex Pattern
for Bodies of Revolution

J. E. Graham* and W. L. Hankeyt .
Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force Base, Ohio

The three-dimensional flowfield surrounding a slender body of revolution at angle of attack was solved
through numerical integration of the complete Navier-Stokes equations. The leeside vortex pattern was com-
puted for two separate sets of conditions. First, a flowfield containing laterally symmetric vortices was com-
puted for a three-caliber ogive cylinder at Mach number 1.98 and angle of attack of 20 deg. Second, a flowfield
containing laterally asymmetric vortices was computed for a cone cylinder at Mach number 1.6 and angle of
attack of 30 deg. Both cases used a laminar flow assumption. All results were obtained on a CRAY-1 computer
utilizing MacCormack’s algorithm as vectorized by Shang. The computed results compared favorably with the
two sets of experimental data used, in that all the primary flow features were captured.

Nomenclature
d = diameter of body
e = specific internal energy, C, T+ (2 + v +w?) /2
E,F,G =vector fluxes
L =length of body (in the x direction)
n = outward normal from body surface
p = static pressure
q =rate of heat transfer
R =radius of the body
Re = Reynolds number based on body length,
P u oox / P
t =time )
T = static temperature
u,v,w =velocity components in the Cartesian frame
U =dependent variables in vector form (o, pu, pv, pw,
pe) o
V = velocity vector (ui+ vj+ wk)
xX¥,Z = coordinates in the Cartesian frame
o = angle of attack
¢, =transformed coordinate system
0 = density
0 = circumferential angle around body
T = stress tensor -
Subscripts
() =tensor

Introduction /

UMEROUS experimental studies!-'2 on slender bodies at

high angle of attack have identified the existence of
complex flow phenomena. At small to moderate angles of
attack (<30 deg) a pair of stationary, laterally symmetric
vortices appear on the leeward side (Fig. 1a) as compared with
several pairs of asymmetrical vortices for higher angles of
attack (30 deg<a<60 deg) (Fig. 1b). These vortices are
generally stationary, although intermittent regions of un-
steadiness have been observed.” The steady, asymmetric case
is of considerable interest to the aircraft industry since the
large side forces encountered at zero yaw angles are capable of
producing aircraft spin. Although this phenomenon has been
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known to exist for several decades, no reliable analytic
prediction method exists. Previous analytic and experimental
efforts use the so-called impulse flow analogy®? which em-

phasized the effect of cross-flow Mach number of the flow

development. Woolard!? analytically verified observations by
Chapman et al.!! that the occurrence of vortex asymmetry
onset for circular cones is due mainly to a hydrodynamic
instability phenomenon rather than to laterally asymmetric
viscous separation. Peake. and Tobak!? noted that the
asymmetry in the flow may be related to the stability of the
velocity profiles in the vicinity of the singular saddle point
that exists in the stream above the body (Fig. 2). They
theorized that flow perturbations will affect the saddle point
flow so as to trigger the instability mechanism. In fact, this
instability mechanism acts in a similar manner as a diffuser
switch? in fluidics. The instability mechanism triggers the

‘flow to one of the bistable asymmetric conditions much the

same as the control ports trigger the asymmetric flow in a 15
deg angle diffuser to one of its bistable conditions. This in-
stability is generally thought to arise from imperfections at
the tip of the body. As Coe et al.’* have indicated, sym-
metrically placed strakes near the tip can eliminate the
asymmetry.

These efforts have aided in the understanding of this
physical phenomenon, as have various computational ef-
forts!>16 in the past. However, it was believed that the
numerical solution of the full three-dimensional Navier-
Stokes equations is necessary to adequately model the viscous
nature of the flow. The practicality of solving these equations
has evolved concurrently with the advent of vector processors
(CRAY, STAR, ILLIAC). Using a previously developed
vectorized Navier-Stokes code!” a program was initiated to
compute the entire flowfield over slender bodies at angle of
attack. The first part of this research effort!® addressed only
the symmetric laminar case at 20 deg angle of attack with a
lateral symmetry assumption. This paper investigates two
additional phases. First, a 360 deg mesh is used to compute
the laminar case presented in Ref. 18 without the assumption
of lateral symmetry. Second, a cone-cylinder flowfield is
computed with laminar flow assumption at 30 deg angle of
attack with a Reynolds number of 0.4 x 106 based on a body
length of 11.25 c¢cm. In this case an essentially asymmetric
leeside flow pattern was produced. We attempt to show that
for higher angles of attack (i.e., =30 deg) the symmetric
pattern is ‘‘dynamically unstable’’!® when undergoing a
perturbation induced by a subtle bias introduced in the
numerical algorithm. Verification is given that as-shown by
other investigations”!! this asymmetric pattern is less sensitive
to subsequent perturbations.
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Method of Solution
A body-oriented coordinate transformation (technique
discussed in Ref. 18) is utilized to map the x,y,z physical space
(Fig. 3) into a unit cube in the &,7, ¢ transformed space. The
grid for the ogive cylinder is presented in Ref. 18.
The three-dimensional, compressible Navier-Stokes equa-
tions in conservative form are!”

6U+6E+6F+6G_0

o  ox  dy oz

where the flux vectors (E,F,G) are specified in Ref. 18.
The transformed equations become

W, 6E+< 0F  OF aG>
ar Toxar T\, Thgy T,

(62 +1.29)=0

The explicit finite difference method of MacCormack?® as
vectorized for the CRAY computer by Shang!? was employed
to obtain a steady-state solution through integration in time
from specified initial conditions. The method is second-order
accurate throughout, but is conditionally stable subject to a
CFL time step restriction.

Boundary Conditions

Ogive Cylinder at 20 deg Angle of Attack

Boundary conditions must be prescribed on the six faces of
the cube in the transformed space (Fig. 4). The boundary
conditions are the same as outlined in Ref. 18 except for the
overlapping region of the physical mesh. Far-field conditions
are as follows: '

a=20deg U,=529m/s
u=U_cosa T,=177.85K
v=U_sinx P_=1.722 kN/m?
w=0 M, =198

The inflow boundary values were fixed over the span of a
computational run, and were derived from a locally conical
approximation based on preyious results. Hence, flowfield
values from the adjacent planar cross section, one spatial step
downstream from the previous run, are implemented as a
Dirichlet condition at the inflow boundary.

On the leeside of the body, two radial lines are overlapped
and all dependent variables are equivalenced along the two
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radial lines. This condition is represented by

Uy=Ug U,=Ug

where KL represents the last point in the angular sweep
direction (K direction, KL = 60).

Initial conditions were derived from the converged solution
obtained in Ref. 18 (the 180 deg mesh case) by reflecting the
solution about the y axis. Total mesh size was 15 x 30X 60.

Cone Cylinder at 30 deg Angle of Attack

Boundary conditions for the cone cylinder are equivalent to
the ones prescribed for the ogive cylinder except for the far-
field conditions, specified as follows:

a=30deg U, =443 m/s
u=U_cosa T,=274.15K
v=U_sina P =2.075kN/m?
‘w=0 M, =16

However, a shock exit condition was required in the region
of the outer boundary where the bow shock was reflecting on
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Fig. 2 Illustration of singular saddle point (=20 deg, M =1.98,
x/D=5.8).
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Fig. 3 Physical grid for cone cylinder.
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Fig. 6 Computed pitot pressure survey, x/D =10.0.

the leeside of the body (note the dotted line region in Fig. 4).
The bow shock was calculated to lie along an angle of 72 deg
on the leeside of the body, using the classical Taylor-Maccoll
exact solution for flow past a cone. The Neumann condition
dU/dn=0 was implemented using first-order differencing
within the dotted line area of Fig. 4 in order to allow
disturbances induced by reflections of the shock wave to exit
the computational domain without adversely affecting the
development of the vortex structure near the body.

Fig.8 Computed wall static pressure distribution.

Initial conditions were obtained by rotating all velocity
vectors computed in the 20 deg angle of attack case an ad-
ditional 10 deg from the previously converged solution. The
overlapping region of the mesh was located on the windward
side of the body for the 30 deg case along the y axis. Total
mesh size for this case was 26 X 30 X 60. The additional planes
in the x direction were required in order to capture the data
reported in the second test of Thomson and Morrison.” All
boundary conditions were chosen to model the second case in
Ref. 7 for comparison purposes.

Numerical Results

Ogive Cylinder at 20 deg Angle of Attack

The case computed was a three-caliber ogive cylinder with a
total length of 10 diameters at 20 deg angle of attack. The
Mach number was 1.98 and the Reynolds number based on
the diameter (d=0.9375 cm) of the cylinder was 0.44 x 106,
This set of conditions matches the wind tunnel data of
Jorgensen and Perkins? for which a pair of symmetric vor-
tices was observed. Experimental data displayed for this case
was obtained from figures included in Ref. 2. :

Results obtained for this case were essentially the same as

displayed in Ref. 18. An indication of the degree of agreement

between the experimental and numerical pitot pressure at
x/D=10.0 is shown in Figs. 5 and 6. Figure 7 presents the
velocity vector field for the same x station, while Fig. 8 shows
the symmetric nature of the wall static pressure over the entire
360 deg computation. Hence, it was evident that even with a
360 deg mesh in physical space where no assumption of lateral
symmetry is made (as it was in Ref. 18), two symmetric
vortices showing very strong agreement with the Jorgensen
and Perkins experiment are obtained computationally.
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Fig.9 Experimental pitot pressure surveys.’
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Fig. 10 Computed pitot pressure survey, x/D = 14.5 (clockwise).

Cone Cylinder at 30 deg Angle of Attack

The second case computed was the flowfield over a cone
cylinder with a cone length of 3 diameters and a total length of
18 diameters at 30 deg angle of attack. The Mach number and
the Reynolds number based on a body length of 11.25 cm was
0.4x 108, This set of conditions nearly duplicates the wind
tunnel data of Thomson and Morrison.” Figure 9 illustrates
the results obtained experimentally in terms of pitot pressure
surveys in planes taken normal to the freestream direction.
Although it is difficult to trace the location of distinct vortices
through this series of surveys, the asymmetric nature of the
leeside flow pattern is obvious, especially toward the rear of
the body (x/D=18).

The. asymmetric nature of the flowfield was obtained
computationally with a laminar flow assumption, which was
quite surprising as transition to turbulencé initially was
thought to be an important aspect of the problem. Hence, it
was thought that a small perturbation, which can be induced
by the truncation error produced in the sweep operators of the
finite difference algorithm, was amplified to the point of a
clear asymmetry downstream from the tip of the cone. This
small perturbation, although also present in the 360 deg ogive
cylinder case, did not produce any observable flow asymmetry
in the corresponding computational domain (0 <x/D=<10). It
was assumed that the symmetric flow pattern was dynamically
unstable when undergoing a small perturbation. Heiice, it was
felt that a change in sweep direction could also reverse the
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Fig. 11 Computed pitot pressure survey, x/D = 17.5 (clockwise).
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Fig. 12 Computed pitot pressure survey, x/D=14.5 (coun-

terclockwise).

pattern of asymmetry on the leeside of the body. A change in
sweep direction was achieved by actually leaving the com-

putational code (i.e., differencing sequence) unchanged and

transposing the aerodynamic data input to the program so

‘that the algorithm sweeps in the opposite physical direction

inside the internal loops (i.e., instead of sweeping from /=1,
IMAX we reverse our array in the angular array index to
sweep from I=IMAX, 1, — ).

Figures 10 and 11 illustrate the pattern of the flowfield
when a clockwise sweep in the angular direction is employed.
The location of the two primary vortices is not laterally
symmetric. The location of the vortex on the left is displaced
further from the body than the vortex on the right. This
pattern was reflected about the y axis when the sweep
direction was reversed (Figs. 12 and 13). Just how the sweep
direction physically triggered the asymmetry is unclear.
However, it is believed that it caused an asymmetric
separation of fluid from the body downstream, which, in
turn, disturbed the singular saddle point shown in Fig. 2. In
fact, Singh?! found that potential theory indicates that as a
pair of vortices gets farther from a cylinder (i.e., y/r>1.209),
the bistable asymmetric pattern becomes stable once formed.
Hence, downstream from the tip of the body the asymmetric
pattern is expected to be stable.

The local side force encountered for both sweep directions
(Fig. 14) showed the reversal of the pattern of asymmetry was
evident although it was disturbing that even though the nature
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Fig. 14 Local side force coefficient vs axial location ( 0 —clockwise,

A—counterclockwise).

of the flow was clearly asymmetric, the magnitude of the
computed side force was not as large as would be expected for
such a flowfield (see Ref. 14). The grid may have been too
coarse near the body to resolve the side force encountered
under such circumstances. Additional stretching of the mesh
in the radial direction for this case, which was necessary to
resolve the bow shock sufficiently, caused the mesh to become
slightly less dense near the body on the leeside than for the 20
deg angle-of-attack case.

It should be noted that the computer time required for each
case from an initial symmetric condition obtained from the 20
deg angle-of-attack case was approximately 1 h on the CRAY-
1 (i.e., for a given sweep direction in case 2).

Conclusion

The aerodynamic forces on slender bodies at high angle of
attack depend largely upon the development of the vortex
pattern on the leeside. Potential theory is not capable of
uniquely determining these forces since.viscous forces are
essential to the process. Previous investigations have shed
light on various aspects of vortex formation, but to correctly
compute the viscous phenomenon, the three-dimensional
Navier-Stokes equations are required. Without the use of a
large-scale vector processor such as the CRAY-1, flowfield
simulation of the present magnitude cannot practically be
undertaken without limiting the scope of the investigation.

The numerical results showed good -agreement with wind
tunnel data, especially for the ogive cylinder case (o =20 deg).
The cone cylinder case (=30 deg) showed an asymmetric
nature in the computation although discrepancies between
‘numerical and wind tunnel results occurred. Computation
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results indicated the nature of the asymmetry was dependent
upon the algorithm’s sweep direction, as the pattern was
reflected about the y axis for opposite sweep directions.
Hence, a very small perturbation can be induced by finite
difference algorithm truncation error which can trigger a
hydrodynamic instability above the body. This instability
amplifies and causes the flowfield to converge to a point of
clear dasymmetry downstream from the cone tip. In other
words, the switching phenomenon was produced by a
numerical bias which is physically amplified to generate the
asymmetry. It was interesting to note that all results obtained
were steady, even though the time-dependent Navier-Stokes
equations were used. This seemed to verify the observation of
steady vortex locations on the leeside of the configuration.
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