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Vectorized Schemes for Conical Potential Flow
Using the Artificial Density Method
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A method is developed to determine solutions to the full-potential equation for steady supersonic conical
flow using the artificial density method. Various update schemes used generally for transonic potential solu-
tions are investigated. The schemes are compared for speed and robustness. All versions of the computer code
have been vectorized and are currently running on the CYBER-203 computer. The update schemes are vec-
torized, where possible, either fully (explicit schemes) or partially (implicit schemes). Since each version of the
code differs only by the update scheme and elements other than the update scheme are completely vec-
torizable, comparisons of computational effort and convergence rate among schemes are a measure of the
specific scheme's performance. Results are presented for circular and elliptical cones at angle of attack for
subcritical and supercritical crossflows.

Introduction

T HE computational solution of steady supersonic conical
potential flow has been approached from several dif-

ferent directions using either the conservative or non-
conservative approach. The previous conservative methods
generally fit the bow shock. Cross-flow shocks are most
often captured. Grossman1 and Siclari2 have developed
codes using the nonconservative formulation of the full
potential equation for conical and three-dimensional flows,
respectively. Grossman used successive line overrelaxation
(SLOR) as the update scheme for the potential, and Siclari
investigated the effectiveness of the approximate-
factorization (AF) schemes for this problem. Siclari showed
both AF1 and AF2 (using the notation introduced in Ref. 2)
to be generally faster than SLOR, with AF1 faster than AF2.
Sritharan3 approached the problem using the conservative
approach with a Jameson-type artificial viscosity formula-
tion4 to provide dissipation in supersonic regions. The up-
date scheme was line relaxation with mesh refinement to
speed convergence. Shankar5 also developed a conservative
scheme for conical and three-dimensional flows. Although
Shankar's code originally used the artificial density formula-
tion of Hafez,6 his current code introduces artificial viscosity
through the density term using a switching scheme based on
characteristics theory. Shankar also used approximate fac-
torization for the update scheme.

A method is developed here to obtain solutions for super-
sonic conical flow using the three-dimensional, steady, com-
pressible, full-potential equation in conservative nondimen-
sional form and the artificial density method. All shocks are
captured. Those schemes studied are: successive line over-
relaxation (SLOR), checkerboard successive overrelaxation
(CKSOR), approximate factorization 1 (AF1), and approx-

imate factorization 2 (AF2). The question is posed here as to
whether or not the explicit schemes can become comparable
to or better than the implicit schemes in overall computing
times if both types of schemes are vectorized (either com-
pletely or partially) and processed on vector computers. A
slight advantage through vector processing noticeable in this
quasi-three-dimensional (conical flow) problem could
become a significant advantage for extension to general
three-dimensional flows. A stability restriction for the in-
termediate body boundary condition in the AF2 scheme as
investigated by South and Hafez7 has been applied to the
conical flow problem and shown to be valid.

Analysis
The governing equation used in this study is the three-

dimensional, steady, compressible, potential equation, which
in Cartesian coordinates and conservative nondimensional
form is

dx
-+VY

(1)

where p is the isentropic density defined subsequently, </> the
disturbance velocity potential, and VXoo> Vyoo, VZoo, the free-
stream velocity components. The isentropic density is given
by

(2)
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where 7 is the ratio of specific heats. For the problem of in-
terest here, Eq. (1) must be transformed into more conven-
ient coordinates, a discrete approximation formed, and a
solution procedure developed for the resulting nonlinear
algebraic system. Details of these steps are outlined below.

Transformation of Governing Equations
The natural_coordinate system for conical flow is spherical

coordinates (R,Tt\l/) (Fig. 1) which are defined in terms of



14 BRADLEY, DWOYER, SOUTH, AND KEEN AIAA JOURNAL

body surface

z
outer boundary

Stereographic Projection
r

Fig. 1 Spherical coordinates.

the Cartesian coordinates (x,y,z) used in Eq. (1) as:

x = y = = Rcos\j/ (3)

The axis of the cone is along the z axis where \j/ = 0 and the
body is defined on the surface of a sphere, R = const. Al-
though the spherical coordinates naturally fit the conical
flow problem, a solution to the exact potential equation with
exact boundary conditions for general conical bodies would
be more conveniently handled if the body surface were a
coordinate line. One way for the body surface to be a coor-
dinate line is by conformal mapping. One conformal map-
ping, which transforms the spherical coordinates to a surface
(p,#), is the Stereographic projection of Weatherburn8 as
presented by Grossman1 (Fig. 2):

iq = tan (\l//2)elT (4)

This mapping is followed by a second conformal mapping to
allow general body cross sections to be coordinate lines. The
metric resulting from these transformations, //, is given by,

H=-
sim//

tan^/2
h(r,&) (5)

where h(r,6)=l for circles and must be derived in some
manner for other conical bodies. A simple formulation for
h(r,6) was suggested by Jameson4 for general bodies in the
or plane. For example, the transformation from a circle to an
ellipse can be determined easily using the Joukowski
transformation where z and a are the coordinates in the com-
plex computational and physical planes, respectively. Using
Jameson's method,

h(r,B) =
dz (6)

where Ida/dzl is generated numerically using a power series
for general bodies.

Using this transformation and spherical coordinates, the
equation for steady potential conical flow in conservative
form is then

a
V————

dr

where Vrr

]=0 (7)

and PV are the modified freestream

Conformal Mapping
i

z-plane

I
Fig. 2 Mapped planes.

in Fig. 2. The freestream velocity components as given by
Grossman1 are mo_dified by cancellation of the metric H. In
this formulation, Vioo is therefore HVioo where / is any one of
the coordinates R, r, or 6. The transformation from the
(R,T,\1/) system to the (R,r,6) system is performed analyti-
cally for circles and ellipses and numerically for general
bodies.

Discretization of Governing Equations
The discrete form of Eq. (7) is derived based on a conser-

vative finite volume formulation, with the freestream dis-
cretization error explicitly subtracted. The computational
grid used was set up using half-cells, as illustrated in Fig. 3.
The velocity potential </> is defined at grid points, as are the
residuals (Ry). The density, velocity components, and
metrics are all defined at cell centers.

The isentropic density p is modified in supersonic regions,
where artificial viscosity is required for dissipation, through
the artificial density

p = p-psAs (8)

Here /o5As is the fully rotated density shift on a spherical sur-
face and is approximated by

velocity components in the (R,r,6) system and r is defined
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where

,
ri

as derived from the general curvilinear coordinate form
given by Doria.9 Doria' s definitions of \LQ and \ir were also
used._Here 5e and 6^ are the usual difference operators. 6^
and dr are the negative of the usual difference operators
since r increases radially outward and the mesh counter in
the r direction increases from one at the outer boundary to
its maximum value half a cell into the body. Here q is the
magnitude of the cross-flow velocity and 0fac and rfac are
used to tune the viscosity.

Iterative Procedure
The solution procedure for the above-defined nonlinear

system follows from casting the problem in "delta" form:

(10)

The forms of L, M, and A for the various update schemes
tested are given below:

Successive line overtaxation (SLOR)

Ar

Af=0

Approximate factorization 1 (AF1)

M=Q

(ID

A = (12)

Approximate factorization 2 (AF2)

A=-aa, M=0 (13)

Checkerboard successive overrelaxation (CLSOR)

M=0; (i+J) = odd

1

J 'LU L

o <

'1-1/2J *,

> 0

n s\ r
] O L-J \/ L.

O <

i r

> o

1 r

O cell centers
Q] grid points

X/ average value:

Fig. 3 Grid cell definition.

time-step for the AF schemes and w is the overrelaxation
parameter. For SLOR and AF2, the equations are implicit in
the 0 direction. The SLOR solution and the second stage of
the AF2 solution are updated in implicit rings beginning at
the outer boundary and marching into the body, coinciding
with the radial flow direction. AF1 is implicit in both rings
and radial lines.

Temporal Damping
As in many transonic applications, temporal damping was

required. When the potential equation is cast in "delta"
form, the modified equation becomes time-like, with two
pseudo-time levels in the solution.

(15)

The modified equation then has time derivatives that go to
zero for the steady-state solution. This introduces a "time"
dimension into the problem, requiring some modification in
supersonic regions to establish the proper signal propagation
for hyperbolic equations. For the simpler cases with no
supersonic cross flow, it was generally noted that additional
temporal damping in the form of </>r/ (for damping at the
bow shock) was not required for schemes with natural </>rt
(SLOR and AF2), but was required and added explicitly for
schemes with no natural <t>rt (CKSOR and AF1). For the
flows with supersonic cross flow, <t>et was required and added
explicitly to all schemes since none of the schemes had
natural 4>et.

For SLOR^ <j>rt appears naturally in the update equation.
These natural terms are proportional to I/A/*2, thus the form
of the explicit <j>rt coefficient is

(16)Ar2 q2

Here /3r is the variable coefficient with the weighting of the
term based on the magnitude of vr. The same form of the
coefficient was used for <t>et. The same forms used in SLOR
were used for CKSOR.

The use of explicit (j)rt and (f)et in the AF schemes required
a slightly different formulation. In order to assure that tem-
poral damping terms are the same order as the other terms
(except for o:2A0), <f>rt and (j)6t have the forms

= even (14)

For CKSOR, the odd points are first updated, followed by
an update of the even points, a is the inverse of the pseudo-

Ar q2 A0 q2

Here @d is defined analogously to /3r. For AF2, both <t>rt and
(/>#, should be multiplied by a, the inverse pseudo-time step,
to assure the same order of magnitude as the other temporal
terms.
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Fig. 4 Grid identification.

Boundary Conditions
For all cases studied, flow symmetry was assumed from

the left half of the computational plane to the right. As
shown in Fig. 4, by setting </> at I = 1 and 2 to </> at I = 3 and 4
respectively, symmetry was assured. The appropriate body
surface boundary condition is:

K-/i = 0 (17)

For nonorthogonal curvilinear coordinates, the surface
boundary condition was formulated as in Grossman's paper.
The first sweep of the AFl scheme solves for an intermediate
variable, A<£*, in the radial (/) direction. The intermediate
condition at the surface used was dA</>*/d« = 0.

The first sweep of AF2 produces a bidiagonal coefficient
matrix requiring an intermediate radial velocity boundary
condition at the body which was dA</>*/d# = 0. The form of
this sweep, with A0* the intermediate variable, is

(18)

For the half-cell formulation, the stability restriction, as
determined by South and Hafez,7 is

ce > bu/2 (19)

For this specific problem, b is ravg/Ar since South's notation
uses 6^ as an undivided difference. An investigation of this
restriction is shown in Table 1, where it is seen that the
stability boundary predicted by South and Hafez is sharply
defined; i.e., for cases where a violates the restriction, the
solution diverges.

Results and Discussion
All four schemes were used to calculate the flow around a

circle with 10 deg cone angle (CA) and 10:1 ellipses with 20
and 30 deg cone angles. The circle test cases included runs at
0 and 5 deg angle of attack (AOA) at Mx=2 and 0 and 15
deg angle of attack at M^ =3. The AOA = 15 deg case has
supersonic cross flow and proved to be one of the more dif-
ficult cases to obtain a converged solution. The ellipse test
cases were run at M^ = 2 for AOA = 0, 5, and 10 deg on the
CA = 20 deg cone and AOA = 0 and 15 deg on the CA = 30
deg cone. The CA = 20 deg cone has supersonic cross flow
for the AOA = 5 and 10 deg cases and the CA = 30 deg cone
for the AOA =15 deg. The AOA =15 deg ellipse case was

the most difficult of the ellipse solutions obtained. Several
different grids were tested to determine the effects of grid
spacing on convergence and accuracy. The 63x31 grid was
chosen as the basic grid for all solutions since the solutions
were generally obtained quickly and yet reliably. The domain
was taken to be a half-plane extending from </> = (-90
deg + A0) to 6 = (90 deg + A0) over 63 grid points and from
the body to some outer radial distance defined by tan i///2
over 31 grid points. For circles at 0 deg angle of attack, the
flow is totally radial and 13x31 grids were used since each
radial ray has the same solution.

Scalar and vector times for the various parts of the
calculation are listed in Table 2. The times are normalized
with respect to the scalar residual time. The increase in speed
through vectorization is notable. Since these two dimensional
solutions generally require little CPU time on the
CYBER-203, the increase in speed through vectorization can
best be observed by comparing the speed of the various
segments of the code rather than the entire CPU time. The
segments of the code which are completely vectoriz-
able—freestream velocity and metrics, artificial density, and
residual—are a factor of two to three faster in vector form.
The freestream velocity speed-up is a factor of ten because
the forms of the Fortran-supplied functions used (sine,
cosine) are much faster in vector form. The three implicit
update schemes—SLOR, AFl, and AF2—are slightly faster
vectorized (where possible), as expected. The CKSOR update
scheme, which is completely vectorizable, is about three
times faster than its scalar form. These increases in speed
through vectorization are about what is expected for the
CYBER-203, which has a nominal vector to scalar speed
ratio of about three.

General observations for the required optimized para-
meters for each scheme are discussed here. Modifications to
the artificial density using 0fac and rfac are required for AFl,
AF2, and CKSOR for both subsonic and supersonic cross
flow. For subsonic cross flow, 6fac = rfa(: = 2. For supersonic
cross flow, 0fac = 4 and rfac = 2. For SLOR, 0fac = 4 for super-
sonic cross flow cases and rfac = 1 for all cases. The over-
relaxation parameter for AFl and AF2 was found to be op-
timal at 6o=1.7 for all cases. For SLOR and CKSOR, the
overrelaxation parameter was found to be optimal around
oo=1.95 for the entire grid. This parameter was lowered to
around 00= 1.75 for some of the more difficult cases for
SLOR and CKSOR. The switch Mach number for the ar-
tificial density varied in the range 0.9<sw<l. Switch Mach
numbers less than one were generally used for flows with
supersonic cross flow. <j>et was required only for supersonic
cross flow. Explicit </>,., was required for all flows in AFl and
CKSOR since it does not occur naturally. Additional <j>rt was
required for AF2 and SLOR for flows with strong bow
shocks. The optimal a. range for the AF schemes was deter-
mined to be between cemin = 5 for both AFl and AF2 and
cemax= 1/Ar2 for AFl, and o:max = 1/Ar for AF2. For the 30
deg CA ellipse cases, amin = 20 and cemax = 6.25/Ar2 for AFl;
for the 30 deg CA ellipse, 15 deg AOA, M^ =2, cxmin = 15,
and amax = 2.5/Ar for AF2. These were the only variations in
o:min and amax. A geometric sequence of eight parameters was
used to determine the a. sequence:

(20)

where

iteration - (iteration/no, parameters) x no. parameters
no. parameters- 1

Three parameters were used for the circle at 0 deg AOA
for AFl and for the 0 deg AOA, M^ = 3 circle case for AF2.
The outer boundary of the grid varied depending on the
Mach number, the angle of attack, and the cone angle of the
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Table 1 Test of AF2 intermediate body boundary condition stability criterion
(M«, = 2.0, AOA = 0 deg circle)

o: > bcc/2 ot < bu/2
IMAX

13

I

JMAX

51

I

b
18.8a

CO

1.0
1.7
1.95

Wco/2

9.4
16
18.33

a;

10.35
17.6
20.16

Result

C
C
C

Q!

8.5
14.4
16.5

Result

D
D
D

Table 2 Scalar vs vector CPU times (63 x 31 grid)

Operation

Calculation of freestream
velocity and metrics

Calculation of (per iteration):
Artificial density
Residual
SLOR update
CKSOR update
API update
AF2 update

CYBER-203
normalized

scalar time, s

33.26

4.493
1.000
4.638
4.014
4.710
6.000

CYBER-203
normalized

vector time, s

2.551

1.449
0.594
4.174
1.261
2.957
3.652

body. Care was taken to ensure that the outer boundary was
outside the entire bow shock. An erroneous solution was ob-
vious by examination of a Mach chart should the bow shock
not be entirely within the grid. The affect of outer boundary
shape on convergence rate was not investigated in this study.
The outer boundary was determined for the circles by tan
^max/2.

In order to obtain solutions with optimal convergence
rates, SLOR and CKSOR required adjustment of eight para-
meters; AF1 and AF2 eleven parameters. Most of the para-
meters could be used from case to case without changing,
but j8r and 0e had to be optimized for each case. SLOR
seemed to be the least sensitive to these parameters, and re-
mained stable for almost any value of j8r and (3e. CKSOR,
AF1, and AF2 were extremely sensitive to (3r and @e. CKSOR
becomes unstable outside a small range for both parameters
while AF1 and AF2 become unstable outside a small range
for j3e. The sensitivity of AF1 and AF2 to ftr is illustrated in
Fig. 5 for the M<x=2, AOA-15 deg, CA-30 deg ellipse
case. For relatively small changes in /3r, the number of itera-
tions required for solution increased significantly. Optimiza-
tion of /3r and &e was a rather lengthy procedure for the AF
schemes. The terms proportional to (3r and (3d are required
for stability, but tend to slow convergence. Thus, optimal
convergence rate is obtained when /3r and pe are the minimal
values required for stability. For reliability and robustness
viewpoints and for ease of determining parameters to get a
converged solution, SLOR should be the choice over AF1,
AF2, and CKSOR.

Circles
The performance of the various schemes for circles in

terms of residual histories is shown in Fig. 6-8. The criterion
for a converged solution is a maximum absolute residual no
greater than 10~4 anywhere on the grid. This has been found
to give aerodynamic convergence; i.e., the bow shock and
any cross-flow shocks are properly located and the pressure
distribution is converged to four decimal places. The
schemes have been tested, however, by further reducing the
residual in order to establish the stability of the scheme and
as a further test of a converged solution. The AF2 scheme
converges in the fewest number of iterations for the Mx — 2,
AOA-0 and 5 deg cases. AF2 is followed by AF1, SLOR,
and CKSOR. For the M00 = 3, AOA = 0 deg case, AF1 pro-
duced the converged solution in the fewest iterations, fol-
lowed by AF2, SLOR, and CKSOR. This was the only solu-

H. = 2 - 0
30° by 3° elliptic cor

AOA = 15°

O API
D AF2

100 200 300 400 500 600 700 800 900

Fig. 5 Sensitivity of AF schemes to 0rr

Fig. 6 Maximum residual vs number of iterations, 10 deg circular
cone, Mach 2, 0 deg AOA.

M« = 2.0
CA = 10°

AOA = 5°
63 x 31 gri d

Fig. 7 Maximum residual vs number of iterations, 10 deg circular
cone, Mach 2, 5 deg AOA.
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M = 2.0
CA = 20°
10 : 1 e l l i p t i i
AOA = 5°
63 x 31 gri d

Number of i t e r a t i o n s

Fig. 8 Maximum residual vs number of iterations, 10 deg circular
cone, Mach 3, 15 deg AOA.

Radial distance from body-ta

Fig. 9 Pressure coefficient vs radial distance from body, 10 deg cir-
cular cone, Mach 2, 5 deg AOA, 6= -90, -45, 30, 90 deg.

Fig. 10 Pressure coefficient vs circumferential angle, 10 deg cir-
cular cone, Mach 3, 15 deg AOA.

tion of all the test cases in which the AF1 scheme converged
in the fewest number of iterations.

The MOO = 3 bow shock is much stronger than the M^ = 2
bow shock, and it is suspected that the natural Brt of AF2 is
very close to the miminum amount required for stability,
yielding the AFl scheme slightly better with its explicitly ad-
ded <t>rt. For the AOA =1.5 deg case at M00 = 3, the super-
sonic cross flow and stronger bow shock require the addition
of explicit (f)rt and </>#, for stability. The residual history for
the four schemes is shown in Fig. 8. The effect of adding
large quantities of </>„ and <j)et to the AF schemes is apparent
as the two schemes are slower by a factor of two for AF2

Fig. 11 Maximum residual vs number of iterations, 20 deg elliptic
cone, Mach 2, 5 deg AOA.

50 100 150 200 250 300 350 400 450 500

Fig. 12 Maximum residual vs number of iterations, 20 deg elliptic
cone, Mach 2, 10 deg AOA, SLOR, different grids.

and three for AFl when compared to SLOR. The circle
proves to be a very difficult conical case since the radius of
curvature of the body is constant, leading to a residual
dominated by low frequency error. As will be shown for the
ellipses, the change in radius of curvature of the thinner
body allows the solution to proceed more quickly. The deter-
mination of the optimum <j>rt and $et required many more
runs of AFl and AF2 than the optimum for SLOR,
demonstrating the superior reliability and robustness of
SLOR. The CKSOR scheme required four times the number
of iterations, indicating that even vectorizatioh would not
make it faster in CPU time than SLOR.

Pressure coefficients plotted against the radial distance
from the body surface are shown in Fig. 9 for the M^ =2,
AOA = 5 deg case. Data from Jones10 are plotted for the
0= -90, -45, +90 deg rays for comparison with the pres-
ent method. Agreement is quite good.

The surface pressure coefficient plotted against the angle
around the circle from 0 = - 90 to +90 deg is shown for the
M00 = 3, AOA =15 deg case in Fig. 10. Data are presented
using the present method, a shock-fit Euler solution provided
by Marconi, and a conservative potential solution provided
by Sritharan. The solution agrees well with that provided
by Sritharan and differs from the Euler solution only on the
lower surface where the bow shock is strongest. Smearing of
the cross-flow shock is evident in both potential solutions,
which otherwise predict the proper pressure levels.
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M = 2.0
CA = 30°
10 : 1 e l l i p t i c cone
A D A = 15°
63 x 31 ar id

mber of i t e ra t i ons

Fig. 13 Maximum residual vs number of iterations, 30 deg elliptic
cone, Mach 2, 15 deg AOA.

Fig. 14 Coordinate system for elliptic cone, 63 X 31 grid.

Ellipses
Residual histories for the four schemes for the various

ellipses at various angles of attack and M^ = 2 are shown in
Figs. 11-13. For all ellipse test cases, AF2 converges in the
fewest iterations, with SLOR only slightly slower. AFl and
CKSOR require many more iterations for almost every case.
The 63 x 31 grid for the ellipse cases is shown in Fig. 14. For
the AOA =10 deg case, as shown in Fig. 12, various grids
were tested using SLOR to see the variation in number of
iterations with different grids. The 63x31 grid is compared
to 48x38 and 82x58 grids, with the 63x31 grid requiring
the fewest number of iterations. The solutions differ only
slightly, with more grid points in the 6 direction giving a
sharper cross-flow shock, as expected, but pressure levels
and shock locations the same as the 63x31 grid. The varia-
tion in number of iterations with angle of attack for the
CA = 20 deg ellipse for all four schemes is illustrated in Fig.
15. Both the AOA = 5 and 10 deg cases have supersonic
cross-flow. The robustness of both SLOR and AF2 is easily
seen, as the more complicated supersonic cross-flow cases re-
quire only slightly more iterations for convergence. The AFl
and CKSOR schemes are significantly affected by the
presence of supersonic cross-flow and require many more
iterations for convergence. CKSOR vectorized would still be
generally slower than SLOR and AF2.

The surface pressure coefficients vs X/XLE (X/Xleading
edge)> where X is the real part of z in the stereographed plane,
for the CA-20 deg ellipse, M^ -2, AOA-5 and 10 deg is
shown in Fig. 16, along with the nonconservative potential

M. = 2.0

10:1 elliptic

CA = 20°

O SLOR

D AFl

<> AF2

A CKSOR

Fig. 15 Variation in number of iterations with angle of attack,
Mach 2, 20 deg elliptic cone.

'•L = 2.0

C A = 2 0 °

10:1 elliptic cone

Present Method

OAOA = 5

DAOA = i

O
A

• A D A = 5 0 < 1 Sritharan

, A O A = 10°J (Conservat ive potential I

Fig. 16 Pressure coefficient vs X/XLE, 20 deg elliptic cone, Mach
2, 5, 10 deg AOA.

O Siclari (Euler)

rj Present method

Fig. 17 Pressure coefficient vs X/XLE, 20 deg, 1.5 deg elliptic
cone, Mach 2, 10 deg AOA.
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solution of Siclari and the conservative potential solution of
Sritharan. The present method agrees well with both solu-
tions. The location of the cross-flow shock is slightly inboard
of the nonconservative solution, as expected. The present
method is also slightly different from that of Sritharan.
Sritharan does not use stereographic projection to an in-
termediate plane. This will cause a slight difference in ellipse
sizing, since the stereographed 10:1 ellipse is 20x2.0845 deg
rather than 20x2 deg as used by Sritharan. In Fig. 17, the
solution for 20 x 1.5 deg ellipse at M^ =2, AOA = 10 deg is
shown. The plot includes data from the present method, the
conservative potential of Sritharan, the nonconservative
potential of Grossman, and the Euler solution of Siclari.
Agreement with the code of Sritharan is much better for this
ellipse since the ellipse dimensions between codes are iden-
tical. Both conservative potential solutions give good agree-
ment with the Euler shock location and are slightly inboard
of the nonconservative potential shock location.

Conclusions
A method has been developed to solve the steady conser-

vative potential equation for supersonic conical flow using
the artificial density method. The code has been vectorized
for processing on CYBER-200 series computers. Four update
schemes previously used mainly for transonic flow calcula-
tions have been tested for speed, robustness, and vectorizing
capability. The SLOR scheme is most easily implemented. It
is the most reliable and robust and even though it is only
partially vectorizable, due to its inherently higher con-
vergence rate, it is faster than CKSOR, which is totally vec-
torizable. The AF2 scheme tested is much more reliable and
robust than the AF1 scheme tested. The AF2 scheme is
generally the fastest of all the schemes tested, but is sensitive
to parameter definitions. For future work in three-
dimensional conservative full-potential codes which require
vectorization for speed, SLOR appears the best choice for

the basic update scheme. The AF2 scheme would be a good
optional scheme for the production code due to its speed.
Sensitivity to its parameters, however, makes AF2 generally
more difficult to run than SLOR.

The codes developed in this study have been shown to
have good agreement with other potential codes of both the
conservative and nonconservative types and Euler codes.
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