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Computation of Navier-Stokes Solutions
Exhibiting Asymmetric Vortices

M. J. Siclari* and F. Marconi*
Grumman Corporate Research Center, Bethpage, New York

An efficient Navier-Stokes solver is used to demonstrate the existence of asymmetric vortex flows on slender
cones flying at supersonic speeds and at very high angles of attack. The iteration scheme is continued until the
residual or error is reduced to machine zero. The computations were carried out on very fine grids so that issues
of unsteadiness in the solution or large truncation error are minimized. These types of asymmetries have been
noted experimentally for years; in addition, inviscid analytical/computational models have indicated the
existence of these types of solutions. This paper is the first to present Navier-Stokes solutions which firmly
demonstrate that these flows exist and that they are not experimental or computational anomalies.

Introduction

I N the late 1940s, the phenomenon of lateral instability due
to asymmetric vortex formation was discovered. On slen-

der-nosed aircraft flying at a high angle of attack (a > twice
the nose half-angle), the flow (which at lower a. was symmetric
about the plane containing the freestream velocity vector)
could be very asymmetric due to the generation of asymmetric
vortices. While the separation points may be slightly asymmet-
ric, the resulting vortices are very asymmetric, which results in
large sideforces. The sudden onset of the sideforce may result
in lateral instability. The cause of this asymmetry has been
debated since it was first discovered.

One of the first indications that this phenomenon was not
due to asymmetric imperfections in experimental apparatus
and was, in fact, inviscid in nature came from the work of
Fiddes.1 He showed small disturbance calculations with vortex
sheets modeled by vortex filaments that exhibited asymmetric
vortices. The geometry was a slender cone, and the flow was
incompressible. Fiddes showed that two families of solutions
existed for a symmetrically separated flow. One family had a
single symmetric solution, and the resulting vortices were sym-
metric; the second family had two asymmetric solutions. The
second family asymmetric solutions are simply mirror images
of each other, but they are very distinct from the first family
symmetric flow. The asymmetric solutions exist only in the
very high angle-of-attack regime (a greater than twice the cone
half-angle). At these conditions, the asymmetric solution com-
pares much better with experimental data than the symmetric
one. The question of whether the small disturbance approxi-
mation could be the cause of the asymmetry in Fiddes' compu-
tation was answered by the Euler computations of Marconi.2

An Euler computation was used in conjunction with a flow-
separation model to predict asymmetric flows in the same
incidence regime as Fiddes. It should be pointed out that the
study of Ref. 2 was carried out in the supersonic regime as is
the present study. Unlike Fiddes, the symmetric solution was
found to be unstable in the Euler computation. The only way
to achieve a symmetric solution was to enforce a symmetry
condition. If the symmetry conditions were relaxed after a
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symmetric solution was converged, the solution would revert
to an asymmetric behavior. The present paper will substanti-
ate the work of Fiddes and Marconi by presenting evidence of
valid asymmetric Navier-Stokes solutions on cones at super-
sonic speed. The present work goes beyond Refs. 1 and 2 in
that no model needs to be assumed at the separation point or
vortex since the time-averaged Navier-Stokes equations are
solved.

The computational procedure (see Ref. 3) used in the pre-
sent study will be briefly outlined in the next section. In a
subsequent section, half-plane symmetric results will be pre-
sented. Then, the symmetry condition imposed on the half-
plane will be eliminated, and full plane computational results
will be shown.

Computational Procedure
The conical flow equations for viscous and inviscid flow

represent a subset of the general Navier-Stokes equations. The
unsteady Navier-Stokes equations in conservation form and
Cartesian coordinates can be written as

dQ | d(F-Fv) + a(G-G v ) |
dt dx dy dz (1)

where the vectors F, G, and H are the inviscid terms and Fv,
Gv , and Hv represent the viscous shear stress and heat flux
terms. The conservation variables and flux vectors are defined
as follows:
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where w , v, and w are the Cartesian velocity components in
the x, y, and z directions, respectively; p is the density; p the
pressure; and e the total energy. The pressure and total en-
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thalpy are related to the flow variables by

e = ——7 + - p(u2 + v2 + w2)
7-1 2 '

Assuming Stokes' hypothesis, the shear stress and heat flux
terms become

Tyy = 2fJLUy ~ G TXz = \l(UZ + WX)

h = • (2)

where 7 is the ratio of specific heats.
The Cartesian equations can be transformed to a spherical

or conical coordinate system by the following transformation:

= x/z, y = y/z and R2 = x2 + y2 + z2 (3)

If all lengths are scaled by L, density and velocities by the
freestream density (p^) and speed of sound (««,), energy and
pressure by (pooff*), and time by (L/a^), the dimensionless
Navier-Stokes equations can be rewritten in spherical or coni-
cal coordinates as

(4)

where the flux vectors (F, G, H, I) and (Fv, Gv, Hv, /„) are
defined as
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Fh = UTXX + VTxy + WTXZ + A JJL a2

Gh = UTXy + VTyy + W Tyz + A jLt dy

where

o = 2/3 JJL(UX + v^ + wz), A = [Pr(y — 1)] ~ l

and Sutherland's law has been assumed for the viscosity:

and S is a constant.
It has been shown in the work of Fiddes1 and Marconi2 that

the assumption of conical flow has no effect on the essential
features of asymmetric vortex flows. The quasi-two-dimen-
sional nature of conical flow eliminates some numerical issues
in that very fine grids can be used, and the iteration can be
carried out to machine zero in a small amount of computer
time. The assumption of laminar flow does not affect these
phenomena either, again indicated in Refs. 1 and 2.

Assuming that the R derivatives vanish in conical flow, the
crossflow terms in Eq. (4) can be written in integral form as

Idxdy (5)-J Qdxdy+ §(Fdy-Gdx)
ot

where

= G-—GVRe

and
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The coordinate coefficient metric Q/jR has been absorbed into
the unsteady term since only steady-state solutions are sought.

A node-centered finite volume scheme is applied to a dis-
cretized version of Eq. (5) in the crossflow plane. Figure 1
illustrates the basic scheme. Both the flow variables Q and the
residuals are stored at node points. The cell-centered fluxes are
first computed over each cell of the grid by summing the fluxes
across the four individual sides of the cell in a fashion similar

+ Cell center
oNode
• Node residual

a) Individual b) Node
cell residual

c) Interlocking
residuals

Fig. 1 Schematic of node-centered finite volume scheme.
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to a cell-centered scheme. Unlike the cell-centered scheme, the
flow variables are stored at the endpoints of each side consti-
tuting the boundaries of a cell. This has the potential of
yielding a more accurate estimate for the flux across the sides
of a highly skewed or irregular mesh than that provided by a
cell-centered scheme. The residual at each node point is then
computed by summing the cell-centered fluxes of the four cells
surrounding that node point. In discretized form, the conical
terms of Eq. (5) can be written at a node point ij as

AO
-

cell = I side = 1
(FAy-GAx) + 2IAS = (6)

where F and G are the total side fluxes that include viscous
terms at the node points. The area AS is defined as

4

AS = £ AA
cell = 1

and is the sum of the areas of the four individual cells sur-
rounding a node point. Thus, the node residuals correspond to
flux balances on interlaced control volumes, each consisting of
a group of four cells.

To include the viscous shear stress and heat flux terms, the
velocity derivatives are estimated at the node points using
central difference formulas in a computational space. The
mesh transformation derivatives needed for the velocity
derivatives are computed numerically. At the boundary, one-
sided differences are used to estimate the velocity derivatives.

A blend of second- and fourth-order differences is used for
added artificial dissipation. The fourth-order differences are
added as background dissipation to prevent odd and even
point decoupling. The second-order differences are added pri-
marily to smooth out oscillations in regions of severe pressure
gradients associated with shock waves. A detailed account of
the form of the dissipation can be found in Refs. 3-5. As a
numerical experiment, both these dissipations were eliminated
in the boundary layer where physical dissipation is high
enough to stabilize the solution. This test indicated that the
artificial dissipation was small enough so as not to overwhelm
the real dissipation.

The set of unsteady governing equations can be represented
as

(7)

where the operator RXy represents the crossflow finite volume
spatial approximation to the residual, and D-Xy represents the
added artificial dissipation. A modified fourth-order Runge-
Kutta scheme is used to integrate the set of ordinary differen-
tial equations defined by Eqs. (6) and (7) in the following
manner:

where

The bracketed superscript in Eq. (8) refers to the stages of the
Runge-Kutta scheme. The dissipative terms are frozen
throughout the multistage integration scheme. The local time
step is taken to be

At = CFL At*

In addition, implicit residual smoothing is utilized in the cross-
flow plane to accelerate convergence. The residual smoothing
is applied to alternate stages, the second and the fourth stage,
of the Runge-Kutta scheme.

A multigrid method is used to accelerate the convergence of
the basic multistage time stepping scheme. The idea behind the
multigrid scheme is to speed up the evolution process by using
a series of coarser grids that introduce larger scales and larger
time steps while requiring less costly computations. The pre-
sent multigrid scheme follows the work of Jameson5 and is
presented in more detail in Ref. 3.

The method begins by first computing one or more time
steps on a fine grid denoted as the first grid m = 1. Succes-
sively coarser grids are then generated by eliminating alternate
points in each coordinate direction.

On the coarse grids m > 1, the multistage time stepping
scheme is modified by a forcing function, so that the solution
on the successively coarser grids m + 1, is driven by the re-
siduals computed on the finer grids m. Thus, in the first stage,
the forcing function simply cancels the coarse grid residual
and replaces it by a weighted sum of the fine grid residuals.

After one or more time steps are carried out on a given grid,
the process is repeated until the coarsest grid is reached. The
accumulated corrections are now transferred upward from
each grid to the next finer grid by an interpolation process.
The correction transferred up from a given grid includes both
the correction calculated on that grid and the sum of the
corrections interpolated from coarser grids in the sequence.

Discussion of Results
Laminar Navier-Stokes solutions, with the assumption of

conical flow (i.e., d/dR = 0) are computed for a 5-deg circular
cone (0 = 5 deg) at M^ = 1.80 for a variety of high angles of
attack (i.e., a/6 > 2). All the solutions are computed to
machine zero (i.e., until the computer roundoff error has been
reached). The solutions were computed on a CRAY XMP with
64-bit accuracy. Machine zero occurs around 10" u to 10~12 or
after a 14-15 order of magnitude drop in the residual. The
reason or necessity for this accuracy will become obvious in a
later section.

Figure 2 shows typical crossflow plane entropy contours for
solutions generated on a half-plane grid of (81 X 81 ) points

Fig. 2 Entropy contours for 5-deg cone at A/* = 1.80, Re = 1 x 10s

at various incidences computed on a half-plane grid with symmetry
enforced.
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at Moo = 1.80 and a/6 = 2, 3, 4, and 5, and a Reynolds
number of 1 x 105. The entropy contours depict the boundary
layer that separates on the leeward plane generating a primary
vortex and secondary vortices due to the separation of the
reverse crossflow. These symmetric solutions were computed
by enforcing symmetry in the windward and leeward planes
and are presented to demonstrate the standard half-plane
viscous solutions.

Full Plane Solutions
The code was modified to compute solutions on a full plane

grid. Figure 3 shows an example of this grid, which is an
identical reflection of the half-plane grid. The grid outer
boundary is adjusted to capture the bow shock generated by
the cone and to resemble its shape for higher accuracy. The
grid is divided evenly around the cone, and it is stretched in the
direction normal to the body to resolve the inviscid features of
the vortex in the leeward plane. To resolve the boundary layer,
a sublayer grid is embedded in the basic inviscid grid near the
surface as shown in Fig. 3b. Without disturbing the inviscid
grid, an inviscid grid line around the cone (near its surface) is
selected, and 16-24 points are patched into the sublayer grid

a) Grid

b) Grid near surface
Fig. 3 Full plane computational grid used for 5-deg cone at
1.80, a/0 = 2, Re = I X 10s.

using a geometric function typically used for turbulent
boundary layers. The grids were designed to have a minimum
of 10-15 points in the windward boundary layer. For full
plane solutions, a 161 x 81 grid was used. The grid cut was
located in the windward plane so as not to introduce any
uncertainty with respect to numerical issues that might arise in
the leeward plane.

Figure 4 shows a typical set of results computed on a full
plane grid at a = 10 deg or a/0 = 2. Figure 4a shows the
isobars and Fig. 4b shows the crossflow velocity vectors near
the leeward surface. The computed solution at a/0= 2 is
completely symmetric demonstrating that the computational
procedure used can produce perfectly symmetrical solutions
on a full plane grid when they exist.

Figure 5 shows the corresponding full plane convergence
history plot of the logarithm to the base 10 of the maximum
residual vs multigrid cycle for a/0 = 2 and Mx = 1.8 with a
Reynolds number of 1 x 105. The solution converges to
machine zero at around 1300 multigrid cycles. For practical
purposes, the solution has been achieved in about 200-300
multigrid cycles. The solution was allowed to continue beyond

a) Isobars

*' ^ \ * / ^ * <

b) Velocity vectors near lee surface

Fig. 4 Symmetric flowfield computed for 5-deg cone at Moo = 1.80,
a/0 = 2, Re = I X 105.
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machine zero for more than 1000 multigrid cycles where the
truncation error causes the maximum residual to bounce
around machine zero. This shows that the numerical scheme is
stable and remains at machine zero for this stable symmetric
solution.

Convergence Study of Asymmetric Solutions
Figure 6 shows a full plane convergence history plot at a

higher angle of attack of 20 deg (a/6 = 4) for the same
circular cone and Reynolds number. The computation is
started from symmetric freestream conditions. In the first
attempt at seeking asymmetric solutions, these flow conditions
were run, and the numerical scheme was halted when the
residual reached 10~5 (i.e., the error declined by about nine

orders of magnitude). It was thought that, if the asymmetry
had not appeared by this point, it did not exist. Past experi-
ence indicated that, beyond a five or six order of magnitude
decline in maximum residual, no significant changes took
place in the solution. As Fig. 6 illustrates, the residual declines
in magnitude by about 10 orders and then begins to increase
for about 1000 multigrid cycles to almost its original level and
then begins to decline again. At approximately 3500 multigrid
cycles, the scheme reaches machine zero and stays at machine
zero for more than 1000 multigrid cycles. The flowfield at the
first minimum in the residual (at about 500 multigrid cycles)
and that at machine zero were both studied. The two "solu-
tions" are indicated by the crossflow streamline patterns inset
on the figure. The first minimum reached corresponds to a
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Fig. 5 Convergence history of the maximum residual for the 5-deg
cone at M» = 1.80, a/6 = 2, Re = 1 x 105 starting with symmetric
initial freestream conditions.
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Fig. 7 Convergence history of the maximum residual for the 5-deg
cone at M» = 1.80, a/0 = 4, Re = 1 x 105 starting with asymmetric
initial freestream conditions (i.e., 2 deg of sideslip).
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Fig. 6 Convergence history of the maximum residual for the 5-deg cone at Moo
freestream conditions.

1.80, a/0 = 4, Re = I X 10s starting with symmetric initial
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a) Isobars

b) Velocity vectors near lee surface

Fig. 8 Asymmetric flowfield computed for the 5-deg cone at Moo =
1.80, a/9 = 4, Re = 1 X 10s.

a) Streamline pattern

b) Streamlines cross-flow near surface

Fig. 9 Asymmetric crossflow streamline pattern computed for 5-deg
cone at Moo = 1.80, a/0 = 4, Re = 1 X 105.

symmetric result, and the final machine zero result corre-
sponds to the asymmetric solution. It must be concluded that
the symmetric result is unstable since machine zero cannot be
maintained for this solution. This was verified by running
other angles of attack (all above the critical a) with symmetric
initial conditions, and the symmetric result always proved to
be unstable. In fact, in some of the cases that were studied, the
symmetric result would actually attain machine zero, but it
could not remain at machine zero and would pop up and,
finally, converge to the asymmetric solution and remain there.

Figure 7 shows another convergence plot for the same con-
dition (a/0 = 4). In this case, the computation was started
from slightly asymmetric initial conditions. The initial condi-
tions were such that there was a small angle of sideslip (2 deg)
introduced into the internal flow. It should be mentioned that
the outer boundary conditions always correspond to fixed
symmetric freestream conditions. This is implemented and
held fixed during the iteration scheme at two grid rings defin-
ing the outer grid boundary. For these asymmetric initial
conditions, as indicated by Fig. 7, the convergence is mono-
tonic to machine zero. The resulting solution is the asymmetric

solution identical to that obtained with the symmetric initial
conditions. To remove any doubts about the stability of the
asymmetric solution, machine zero was maintained for 1500
multigrid cycles.

Hence, a monotonic convergence to the asymmetric solu-
tion could be achieved if a small asymmetry were introduced
into the initial conditions. The fact that the asymmetric solu-
tion could be achieved in two different ways reinforces the
validity of these solutions. If the asymmetric solutions could
be achieved only from an asymmetric perturbation to the
initial conditions, one might think that the asymmetric solu-
tion could possibly be a result of some trapped vorticity or
dissipation in the numerical evolution of such a solution.
Figure 8 shows the isobars and crossflow velocity vectors for
a = 20 deg (a/0 = 4). The pressure contours show that the
asymmetry is primarily a local effect in the vicinity of the
leeward vortices. The asymmetry of the computed solution is
more clearly shown in the velocity vector plot. The velocity
vector plot shows that secondary separation exists on the right
side of the cone; whereas the reverse flow is attached on the
left side. The crossflow streamlines for the entire crossflow



38 M. J. SICLARI AND F. MARCONI AIAA JOURNAL

plane are shown in Fig. 9a. This figure indicates that the local
asymmetry diminishes quickly as the outer boundary is ap-
proached. Again, it should be pointed out that symmetric
conditions are imposed on the outer boundary. Figure 9b
shows the crossflow streamline pattern in the vincinity of the
vortex interaction zone, and the asymmetry of the solution is
indicated quite clearly.

Detailed Study of Asymmetric Solutions
A study of the extent of the occurrence of asymmetric

viscous laminar solutions was carried out for the 5-deg cone at
Moo = 1.80 and Reynolds number of 1 x IO5. All of the
computations were carried out on a fine grid of 161 x 81. This
study would not have been possible except for the fact that the
current code is very efficient. All of the solutions were con-
verged to machine zero and continued for some time in order
to test their stability. To achieve monotonic convergence (see
Fig. 7), all of the solutions were carried out using slightly
asymmetric initial freestream conditions corresponding to ±2
deg of sideslip. This technique reduces the multigrid cycles

CP

0.0 45.0 i 90.0 135.0 180.0'225.0:270.0 315.0 360.0

a) Computed surface pressures

0.3 -i • EXPERIMENTAL DATA OF PEAKE ,
o PRESENT COMPUTATION

0.2 -

0.1-

-0.1-

-0.2-

-0.3 b) Comparison of computed sideforce coefficients to
experimental measurements

Fig. 10 Computed sideforce coefficients and surface pressures for
the 5-deg cone at Moo = 1.80, a/0 = 4, Re = 1 x IO5.

required for convergence by almost a factor of two. Thus far,
only one of the asymmetric solutions has been mentioned, and
it should be made clear that there are two; one is the mirror
image of the other.

a/0 = 2.0

a/0 = 3.0

a/0 = 4.0

a/0 = 5.0

a/0 = 6.0

Fig. 11 Computed entropy contours for 5-deg cone at Moo = 1.80
for incidences ranging from a/0 = 2 to 6 showing the bifurcation of
the solutions.
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Fig. 12 Computed crossflow streamline patterns for 5-deg cone at Mc
to maximum asymmetry.

= 1.80, Re = 1 X 10s for incidences ranging from a/0 = 2 to 4, prior
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Fig. 13 Computed crossflow streamline patterns for 5-deg cone at Moo, Re = I X 10s for incidences ranging from a/0 = 4.25 to 5.50.
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Local vortex asymmetry has a significant effect on the sur-
face pressure distribution. Figure lOa shows several examples
of computed surface pressures for both symmetric solutions
and one root of the asymmetric solutions. Steady asymmetric
flows were observed experimentally by Peake6 and the side-
forces on a 5-deg cone were measured for a range of Mach
numbers. Figure lOb shows the experimental sideforce coeffi-
cient data plotted as a function of relative incidence a/6 for
Moo = 1.8. Also plotted are the results of the present study.
Remarkably good agreement is indicated for the peak value of
sideforce and domain of occurrence of these asymmetric
flows. It should be noted that the experimental data are at a
higher Reynolds number and the flow is probably turbulent;
while the present solutions are conical and all laminar. The
numerical results indicate the onset of asymmetric flow at
a/0 = 2.5 with a peak in terms of sideforce at about a/0 =4.5.
The experimental data exhibit a similar, but slightly narrower,
range for the asymmetric behavior. One of the more notable
and surprising results of the numerical study is that the asym-
metry disappears rather abruptly at even higher incidences,
and the solutions return to symmetry. This was observed in the
experimental data; the sideforce dropped rapidly at a/0 = 4.8.
In the experiment, the flow was unsteady for a/0 > 5.

It should be pointed out that in Fig. lOb the sideforce
corresponding to both asymmetric solutions are shown, posi-
tive and negative force. The symmetric solution bifurcates at
around a/0 = 2.50 and returns to symmetry at about a/0 =
5. Which solution shows up numerically depends upon the
initial condition. For the most part, when the iteration is
started with positive sideslip initial conditions, one type of
solution will result. This occurred in the majority of cases run,
but there were exceptions to this rule probably due to the small
values of sideslip used. Figure 11 illustrates the bifurcation of
the numerical solutions in terms of the computed entropy
contours starting at a/0 = 2 and returning to symmetry by 6.

One of the more interesting features of the asymmetric
solutions discovered here is the complex vortex patterns that
evolve. These are vividly illustrated in the crossflow streamline
patterns of Fig. 12. All of the streamline patterns shown in
Fig. 12 correspond to one root of the bifurcation. Figure 12
shows the evolution of the asymmetric behavior from the
a/0 = 2 symmetric solution to an incidence just prior to the
peak sideforce at a/0= 4. At a/0= 2, the solution is symmet-
ric but separated. Three vortices occur on each side of the
leeward plane with a total of six vortices appearing in this

symmetric solution. The symmetric solution extends to a/0 =
2.5 with qualitatively similar features and with the vortices
just becoming larger relative to the cone. At a/0 = 2.75, the
asymmetric solution appears quite abruptly indicating the sen-
sitivity to incidence. The a/0 = 2.75 is just a 1.25 deg increase
in incidence over a/0 = 2.5, and the difference in the solution
is quite significant (see Fig. 12). The asymmetric solution still
indicates a total of six vortices. A larger primary vortex ap-
pears on the left-hand side (LHS) of the flow. The tertiary
vortices diminish in size. A further increase in incidence of
1.25 deg to a/0 = 3 indicates the further diminishing of the
LHS tertiary vortex. The secondary vortex does not appear on
the right-hand side (RHS), but it is not clear whether this
vortex was just missed by the streamline plotting code. A
further increase in incidence to a/0= 3.5 results in the disap-
pearance of the LHS secondary and tertiary vortices resulting
in one large primary vortex on the LHS and three vortices on
the RHS. It should be mentioned that supersonic crossflow
conditions are absent until a/0 = 3.5. The crossflow sonic line
is indicated by the dashed curve on the RHS of the figure (for
a/0= 3.5 ). Internal to this region, the crossflow Mach num-
ber is supersonic. In the final streamline pattern at a/0= 4,
the supersonic crossflow region grows dramatically in size, but
the pattern remains with one large primary vortex on the LHS
and three smaller vortices on the RHS. The center of the
primary vortex on the RHS has now situated itself close to the
leeward symmetry plane.

Figure 13 illustrates the behavior in terms of the crossflow
streamline patterns of the asymmetric solutions at even higher
incidences as the solutions begin to return to symmetry. At
a/0 = 4.25, a similar pattern of four vortices is shown with the
three smaller vortices on one side and the larger single vortex
on the opposite side. The appearance of a small second super-
sonic crossflow region appears pn the LHS. At a/0 = 4.5,
both supersonic crossflow regions grow in size. A further
increase in incidence to 4.75 causes a second supersonic cross-
flow region to occur on the LHS. A small vortex has now
developed under the larger primary vortex on the LHS. At a/0
= 5, a fourth supersonic crossflow region appears between the
two primary vortices. A pattern of five vortices has now
evolved. Finally, at a/0 = 5.25, the two supersonic crossflow
regions on the LHS have now merged into a single larger
region forming two large regions of supersonic crossflow on
either side of the cone with a smaller supersonic crossflow
region occurring between the two primary vortices. The merg-

a) Cross-flow streamlines b) Isobars

Fig. 14 Computed streamlines and isobar contours for the 5-deg cone at Moo = 1.80, Re = I x 105 at very high incidence a/0 = 9.
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ing and formation of the two opposing regions of supersonic
erossflow signal the return to symmetric flow behavior and the
original pattern of six symmetric vortices that existed at the
lower incidences. A further increase in incidence to a./'6 = 5.5
retains the symmetric flow behavior.

Extremely high incidences were also computed producing
the erossflow streamline pattern and isobars shown in Fig. 14.
In this case, a/6 = 9, a steady symmetric solution was com-
puted. It should be pointed out that the experimental data of
Peake indicate that the flow is unsteady for a./'6 > 5. Figure 14
shows large supersonic erossflow regions extending from the
shoulder of the cone to the leeward plane. The isobars (Fig.
14b) show the shock pattern clearly. The bow shock in the
windward plane is shown to be captured quite sharply. There
are large erossflow shocks near the leeward plane; the sonic
lines of Fig. 14a go through the center of these shocks. These
shocks sit atop the primary vortices.

Summary
Navier-Stokes solutions have been generated that indicate

the existence of asymmetric, separated flow solutions at high
angles of attack. The flow is assumed conical so that numeri-
cal inaccuracies can be minimized. This is the first careful
study of this phenomenon with a Navier-Stokes solver, and it
substantiates the analytical/computational results of Refs. 1

and 2. More importantly, the Navier-Stokes solutions com-
pare remarkably well with the experimental findings of Ref. 6,
indicating that the asymmetric solutions are well founded in
the physics of the flow.
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