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Hypersonic Three-Dimensional Viscous Shock-Layer
Flows over Blunt Bodies

Alvin L. Murray* and Clark H. Lewist
Virginia Polytechnic Institute and State University, Blacksburg, Va.

The viscous shock-layer equations have been extended to treat blunt three-dimensional bodies at angle of
attack. Numerical solutions have been obtained on sphere-cones at angles of attack up to 38 deg. Comparisons
are made with available experimental data, inviscid solutions, and solutions of the parabolized Navier-Stokes
equations. The experimental data consisted of heat-transfer distributions, pressure distributions, and drag

- coefficients in a Mach number range from 10-18, Reynolds numbers of the order 1.3 X 104 /ft, and o from 0-40
deg. Two cases were compared with the parabolized Navier-Stokes solutions at Mach numbers of 22.77 and
25.81 and altitudes of 180 and 240 kft at angles of attack of 23 and 38 deg, respectively. In general, the shock-
layer predictions were in good agreement with the available experimental and numerical data, but the parabolic
treatment of the crossflow viscous shock-layer equations prevented solutions on the leeward side of long bodies

at large angles of attack.

Nomenclature

a = speed of sound

A; = coefficients of a parabolic differential equation

¢y = specific heat at constant pressure

C’ =variable in Sutherland viscosity law

Cp =drag coefficient, 2 drag/A, ..., U

C_,E =streamwise friction coefficient, 27;/p,, U,

Cf¢ =transverse friction coefficient, 27} /0, U2

Che = }ﬁa;-transfer coefficient, -q*/p,, Usc) (T3,

w

C, = pressure coefficient, 2(p% ~po. ) /0 U2,

h = static enthalpy, 2*/ U2,

h, =shape factor in the streamwise direction, #,
=1+«k.nyncosh,

h; =shape factor in the crossflow direction,
hy=r(1+«k4mcosd ) /cosd,

H = stagnation enthalpy, H*/ U2,

i = step counter in the streamwise direction

J =step counter in the normal direction

K =step counter in the cross flow direction

m,,m, =integrals used in solution of continuity equation

m =mass of one gas molecule

M =Mach number

n = normal distance from body surface, n*/R}

N =number density of gas molecules, number of
molecules/vol

73 = pressure, p*/p,, U2

Pr =Prandtl number

q =heat-transfer rate, g*/p,, UL

r =distance from and normal to body axis, r*/R}

R = gas constant

R} =nose radius

St = Stanton number, —g*/p,, U, (H} —H},)

T =temperature, 7>/ Ty,

T =reference temperature, UZ /cj or (y— DML T,
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u =tangential velocity in the streamwise direction,
u*/ Uy

v =normal velocity, v*/ U,

v’ = transformed normal velocity, v/ (RT) **

v, =transformed normal velocity at the wall,
v,/ (RT,) "

w =tangential velocity in the crossflow direction,
w*/ U,

w = general dependent variable

X; =hs/r

a =angle of attack, deg

o =thermal accommodation coefficient

B = wall porosity, open area divided by solid area

Y =ratio of specific heats

€ = Reynolds number parameter,

2 =p*(T%)/ P Us R},

[ =transverse coordinate in the coordinate system
(Eﬂ?- $)

n =normalized coordinate in the direction normal to
the body surface, n/ny,

0 =body angle in the streamwise direction (see Fig. 1)

8, = parameter proportional to the number of diffusely
reflected molecules

0, =Dbody angle between the radius vector and the line
tangent to the body surface in the plane {=const
(see Fig. 1)

K, =body curvature in the £ direction

Kg =body curvature in the ¢ direction

u = viscosity, p*/u*(Try)

£s =streamwise coordinate in the system (£,7,{)

o =density, p*/p.

o =angle between the freestream velocity vector and

the vector tangent to the shock surface in the plane
formed by the shock-normal vector

T = shear-stress component

Superscripts

) =variable which has been normalized by the value
behind the bow shock wave

* = dimensional quantity

() =denotes shock normal coordinate system

Subscripts

aw =adiabatic wall conditions ’

[ =conditions in the injection chamber

s = streamwise direction

sh =conditions behind the bow shock wave
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=wall condition

=stagnation point conditions
=derivative'with respect to ¢
=transverse direction
=dimensional freestream quantity

g &vOx

Introduction

N recent years, the two-dimensional viscous shock-layer

equations have been applied to a wide range of problems by
a number of investigators.!® The shock-layer approach is
receiving more attention because of the advantages it offers.
The classical approach to solving a flowfield problem is to
divide the flow into an inviscid outer region and a viscous
boundary-layer region. The wall values of the inviscid
solution are used as edge conditions for the viscous solution.
This approach works well at high Reynolds numbers where
the viscous region is very thin. At low Reynolds numbers, the
viscous region is thick, and the displacement effect must be
modeled by interacting the viscous calculation with the in-
viscid solution. Another problem with this approach is
determining the edge conditions for the boundary-layer
calculation. Methods such as streamline tracking and entropy-
layer swallowing have been used to help solve this problem.
The viscous shock-layer equations treat the entire flowfield
uniformly and have no problem with displacement effects.
The edge conditions for the shock-layer approach are ob-
tained easily from the Rankine-Hugoniot equations. Another
advantage of the shock-layer approach is the equations are
parabolic and may be solved easily. Solutions of the full
Navier-Stokes equations are complex and time consuming
because of the elliptic nature of the equations. Even the
parabolized Navier-Stokes method of Lubard and Helliwell”
is elliptic’ in the crossflow direction and requires iterative
solutions of the governing equations.

The purpose of the present work is to develop a procedure
which may be used as a tool in the analysis and design of re-
entry vehicles. The method must be "efficient and give
reasonably accurate predictions of wall-measurable quantities
as well as flowfield solutions on bodies at high altitudes and
large angles of attack. The viscous shock-layer approach
originally developed by Davis! for axisymmetric or two-
dimensional bodies at zero lift has given good predictions in
low Reynolds number flows similar to those encountered
during re-entry. At high altitudes or low densities, the effects
of wall slip and temperature jump and shock slip are
significant and can be incorporated easily into the shock-layer
technique. The procedure has been shown to be both efficient
and accurate for axisymmetric flows but has not been ex-
tended to complete three-dimensional flowfields. Since the
governing equations are also parabolic in the crossflow
direction, the method will not be able to treat leeside flows
beyond crossflow separation. At high angles of attack, the
pressures on the leeside are small when compared to the
windward side and should not make a significant contribution
to the aerodynamic forces.

Fig. 1 Body geometry and coordinate system for 3-D viscous shock-
layer predictions.
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The three-dimensional shock-layer equations are presented
with both longitudinal and transverse curvature terms in-
cluded. The boundary conditions used include slip at both the
body and bow shock wave and wall mass transfer. The
procedure has been applied to sphere-cones at large angles of
attack and comparisons made with experimental data in an
effort to validate the method.

Analysis

The viscous shock-layer equations are derived from the
Navier-Stokes equations. The conservation equations are first
nondimensionalized by variables which are of order one in the
region near the body surface and in the inviscid region. The
normal velocity v and normal coordinate » are assumed to be
of order e and terms which are second order are retained in the
s momentum, ¢ momentum, and energy equations. The
equations are then normalized by the local shock values of the
variables to aid in the solution procedure.

A spherically blunted cone is a typical re-entry vehicle. The
equations are developed in an orthogonal coordinate system
(£,m,0) where the £ coordinate is tangent to the body in the
streamwise direction, 7 is the coordinate normal to the sur-
face, and the ¢ coordinate is the angle around the body
measured from the windward streamline (see Fig. 1). Both
longitudinal and transverse curvature are included in the
development of the equations which is given in detail by
Murray and Lewis.?

Governing Equations
The equations may be written in the form

Pw oW W aw
A — AW A+ Ay + A =0
Ian 2 3 4 ag 5 ag_

where W is the dependent variable. The coefficients for the
equations are:
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¢ Momentum (crossflow):

2 -
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Note that the normal velocity v and crossflow velocity w are
not normalized by the values behind the bow shock. Non-
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dimensional rather than normalized v and w are used to
eliminate problems which occur when -the normalized
variables become indeterminate. At the stagnation point, the
shock value of v is negative, whereas downstream on a slender
body v, becomes positive and thus there exists a point where
vs, =0. A similar problem occurs on the windward and
leeward planes where wg, =0. These indeterminate quantities,
if used in the solution algorithm, would destroy the accuracy
of the solution.

The continuity and normal momentum equations remain
first order and are given by

Continuity:
d } n on, 0 .
— (pgUgplihy) — — — (pg Uy, puh
Py (pgpttsuptihy) n, 0 an (pspugptihy)
+ I3 (h,} ov) + g (h pW)
— — (h,hp,,pV — w
ny, an 113P5p 0 ar 1PsnP
n anyh a -
- — — (p,,pWh,;) =0
nSh ag_ 677 (pslzp I)

Normal Momentum:
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The normal momentum equation is first order because a
second-order equation includes elliptic terms which make the
equation difficult to solve. In previous studies, these
equations were integrated separately to obtain v and p.
Srivastava et al.® found that this procedure had stability
problems on slender bodies and suggested the use of a
coupling scheme to eliminate the problem. Waskiewicz et al.?
developed such a coupling scheme and were able to obtain
solutions which approached separation on the leeside of a
sphere. A similar three-dimensional coupling scheme is used
in the present work.

The continuity equation is integrated from the body to the
shock using a procedure similar to that of Eaton and
Kaestner.® The shock standoff distance can then be calculated
by

Ny =1~ (in,),+[(m,);?—4(m2),C‘]’/~’ }/72(my);

where

{
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Treatment of Singularities

The equations can be applied throughout a majority of the
flowfield; however, there are a few points in a blunt-body:
flowfield where the equations become indeterminate and the
limiting form must be evaluated. At the stagnation point the £
momentum and continuity equations contain a removable
singularity, and on the windward and leeward streamlines the
value of 3w/d¢ is needed in the continuity equation.

At a blunt stagnation point, the tangential shock velocity
and the ¢ derivatives of pressure and standoff distance are
zero which produces a singularity in the A; coefficient of the
¢(-momentum equation. To treat this singularity, the shock
values and dependent variables are expanded in terms of £, as
given by Anderson and Moss.* These expansions are sub-
stituted into the A; coefficient and the limit of 4, as ¢ ap-
proaches zero is used to solve the £&-momentum equation at
the stagnation point.

The singularity in the continuity equation is removed by
applying the limits:

r—§, cosd,—& uy—Eduy /08, h;—Edh;/0%
Thus, the continuity equation becomes the same as that used
by Miner and Lewis?® and can be solved by the quadratic
formula for ng,.

On the windward and leeward planes, the crossflow velocity
is zero but the derivative with respect to ¢ is nonzero. This
problem is solved by taking the ¢ derivative of the crossflow
equation and solving for a new dependent variable w,, the
derivative of w. Because of the symmetry of the body, the ¢
derivatives of all variables except w are zero, and the second
derivative of w is zero. The equation may be written in
standard parabolic form, and the coefficients of the modified
¢-momentum equation on the windward and leeward
streamline are similar to those given by Eaton and Kaestner.?

Boundary Conditions

During re-entry at high altitudes (150,000 to 300,000 ft),
low to moderate Reynolds number flows are encountered, and
the low-density effects such as slip and temperature jump
should be modeled.

In addition, the severe heating encountered during re-entry
can cause some of the body material to ablate even at high
altitudes, and this mass transfer has an effect on the flowfield.
For axisymmetric flow, the coupling of wall slip and mass
transfer was developed by Whitehead and Davis,? and the
shock-slip condition is the same as that used by Davis. !

Wall Conditions

The slip-flow conditions with mass transfer through a
porous wall, as given by Whitehead and Davis,? have been
slightly modified. The pressure in the chamber p; is assumed
to be equal to p,, and the number density N, is assumed to be
N,,. For the case of ablation, the porosity of the wall is zero,
so these assumptions will not affect the solution. The
equations used in the present work are:

. €2(2-6,) Sm/w(y=1) N\% pgbh fou dh, u
oot (i (30 1)
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Shock Conditions

The shock boundary conditions with slip are the modified
Rankine-Hugoniot equations used by Davis.! The angle
between the freestream velocity vector and a vector tangent to
the shock surface and in the plane formed by the normal
vector and the freestream velocity vector is denoted by ¢. The
derivation of ¢ is given by Rakich.!® The equations for .the
conditions behind the shock are:

Pgn Vg = —sino

eu ou +sinoily, =sing coso
sh on " sh
S

e’ug, (8T ) sing 5
Pr (6—);) h+smoTS,, -5 (uy, —coso)
@(4'ysinza 2 3 4(y=1)
2 \N(y+1)?  (y-DML  (y+1)’M;
VizsinTs)
(y+1)°’Msin?o
» =2sin20_ y=1 p = YDy
Tyl y(y+ DML T (y=D T,

The velocities must now be rotated into the body-fixed
coordinate as given by Rakich.'®

Fluid Properties

In the talculation of a flowfield solution, it will be
necessary to specify certain properties of the flow. The
present model assumes a perfect gas flow and allows for
several property values to be specified as input data.

The ratio of specific heats v, the gas constant R, and the
Prandtl number Pr are input constants. The other gas
properties are calculated from perfect gas relations. .
a=(yRT)"”,

¢, =YR/(y—1), p=p/RT
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The vi‘scosity is calculated from Sutherland’s viscosity law
/:‘=[(Tsh +Cl)/(Tsh T+C,)]T3/2

where C' =198.6/(y— )M T%.
The preceding relations are-used to determine the ther-
modynamic and transport properties of the flowfield.

Method of Solution

The finite-difference method used to solve the §&-
momentum, {-momentum, and energy equations is the same
as that used by Frieders and Lewis.'! The equations are
written in the standard form

FER AN 4 W  aw
Ay 4+ A, —— +A,WHA + A +Ag—— =

—— =0
an? an 3¢ a

The derivatives are evaluated by finite-difference ex-
pressions using the zig-zag method of Krause'? for the cross-

derivatives as follows:
W _ (Wi ijuss = Wi 1) + Wi = Wi 1)

ar 2A¢

This expression is substituted into the parabolic equation,
and a finite-difference form is obtained which can be solved
using the Thomas algorithm.,

Solution Procedure

In previous investigations, the shock-layer equations were
solved using global iterations to remove the elliptic effect of
the dng, /0¢ and dv/0% terms. The first iteration assumed
ang, /3% to be zero and used the thin viscous shock-layer
(TVSL) approximation which eliminated the terms involving v
in the normal momentum equation. Subsequent iterations
used the values of dn, /3% and v from the previous iteration.
In the present method the initial estimate of dn, /3¢ is ob-
tained from an inviscid solution, and the v terms are treated
with an implicit difference scheme in the normal momentum
equation using a backward difference for dv/d¢. The coupling
of the normal momentum and continuity equations® has
eliminated the stability problems which occurred in the earlier
procedure and permits one to solve the fully viscous shock-
layer (FVSL) equations without requiring the v profiles from
the previous global iteration. This procedure eliminates the
need for global iteration provided the inviscid shock shape is
suitably accurate.

The solution begins on the spherically blunted nose by
obtaining an axisymmetric solution in the wind-fixed coor-
dinate system where £=0 at the stagnation point. At a
specified location (usually the sphere-cone tangent point), the
axisymmetric solution is rotated into a body-fixed coordinate
system where £ = 0 at the geometric nosetip of the vehicle. The
tangential velocity is resolved into two components # and w
using the method described by Waskiewicz and Lewis,'* and
these rotated profiles are used as initial data for the three-
dimensional solution. The three-dimensional solution begins
on the windward plane and marches around the body ob-
taining a converged solution at each { step. After completing a
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sweep in ¢, the procedure then steps downstream in ¢ along
the windward streamline and begins the next { sweep. At each
point the equations are solved in the following order: 1) ¢
momentum, 2) energy, 3) £ momentum, 4) integration of
continuity for ng,, and 5) the coupled continuity and normal
momentum equations.

A discontinuity in the body curvature « exists at the sphere-
cone tangent point. To avoid the adverse effects of this
discontinuity, the procedure is not permitted to difference
across the juncture. Since the present method uses a two-point
backward difference for the streamwise derivatives, all
problems with the discontinuity in « are avoided by simply
requiring a solution at the sphere-cone tangent point.

Surface Quantities

The surface conditions in two-dimensional flows with wall
slip and mass transfer are given by Whitehead and Davis. '
The anlaysis is extended to three dimensions in Ref. 8, and the
resulting skin-friction and heat-transfer coefficients are:
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2 2 " ;
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Results and Discussion

Three cases were selected to validate the three-dimensional
viscous shock-layer (VSL3D) code and test its limitations. The
first case was for conditions of a wind-tunnel test on a 10-deg
half-angle sphere-cone at o= 10 deg and M, =18. Boylan??
and Kinslow'® measured heat-transfer and pressure
distributions on this body. The second case was a drag test on
a short sphere-cone at M_, = 10.17 by Boylan and Sims.!” The
third case was a 7-deg half-angle sphere-cone at 38-deg angle
of attack at M, =25.81. A parabolized Navier-Stokes (PNS)
solution was used for comparison with this case. The con-
ditions for all test cases are summarized in Table 1.

Figure 2 compares the heat-transfer data of Boylan with the
predictions of the VSL3D and PNS codes. The agreement on
the windward streamline was quite good but became poorer
on the leeward side. The VSL3D solution agreed well with the
PNS prediction. The effect of slip decreased with heat
transfer on the windward side and improved the agreement of
the VSL3D prediction with the experimental data.

Table 1 Test case conditions
Alt, v, T, ' Re,, x 104
ft ft/s °R a, 0, fr !
Case  (km) (m/s) M, X) deg deg (m-') T,/T, €
1 Wind 7941 18.0 81 10 10 1.583 0.11 0.287
tunnel (2420) 45) (5.194)
2 Wind 6534 10.17 171.8 0-40 10 1.139 0.25 0.259
tunnel (1992) (95.44) (3.737)
3 240,000 24472 25.81 374.15 38 7 0.938 0.012 0.133
(73.2) (7459) (207.9) (3.077) .
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Fig. 2 Predicted heat-transfer distribution around a 10-deg sphere-
cone compared with the experimental data of Boylan ats/R,, = 10.
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Fig. 3 Wall pressure distribution around a 10-deg sphere-cone
compared with the experimental data of Kinslow at s/R, = 10.
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Fig. 4 Drag coefficient prediction at angle of attack compared with
the experimental data of Boylan and Sims.

Comparisons with the Kinslow data for the same conditions
are made in Fig. 3. Two different sets of slip constants are
used in these calculations. The first set is the classical slip
constants derived by Whitehead and Davis,'* and the second
set is the modified slip constants used by Srivastava et al.'® to
correct the underprediction of the stagnation point pressure.
Figure 3 presents the circumferential pressure distribution at
s=10. The VSL3D and PNS predictions were high on the
windward streamline but were reduced considerably when the
slip conditions were used. The classical slip constants gave
much better predictions of the wall pressure than the modified
constants.
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Fig. 5 Wall pressure prediction around a sphere-cone‘at 38-deg angle
of attack.
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Fig. 6 Wall pressure distribution along a sphere-cone at 38-deg angle
of attack.

The experimental data available from Boylan and Sims!’
were the drag coefficients at angles of attack from a=0-40
deg. Figure 4 compares the experimental data with shock-
layer solutions without slip and with the two sets of slip
constants. The solution without slip was high as expected, and
the effect of slip reduced the drag coefficient. The modified
slip constants gave a better prediction for this case than the
prediction using the classical slip constants. Srivastava et al.'®
modified the  constants to increase the pressure at the
stagnation point. For the conditions of Boylan and Sims, the
modified constants gave better predictions, but at the con-
ditions of Kinslow, the classical constants gave better
agreement. This may be caused by the shorter body used by
Boylan and Sims which is more sensitive to the spherical nose -
solution. It,is impossible to accurately evaluate the two sets of
slip constants from these two cases since the results are
conflicting. The modified constants give better predictions in
the nose region, but downstream the predictions using the
classical constants seem to be in better agreement. More
experimental data are needed to evaluate the modified slip
constants.

Case 3 is a free-flight case corresponding to an altitude of
240 kft. This case has a significant crossflow separation
region because of the high angle of attack and the long body.
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Table2 Computation times?

VSL3D PNS
Number of grid points Total Time/ Total Time/

o, time, step, time, step,
Case deg Slip £ 7 s h:min:s min. h:min:s min.
1 10 No 46 61 10 32:30 0.706 — —

10 No 81 101 19 — — 4:43:34 2.948

10 Yes 32 61 10 60:13 1.875 — —
2 30 No 6 61 10 7.33 1.25 No solution

30 Yes 6 101 10 17:25 2.90 No solution
3 38 No 75 61 7/10° 44:03 0.587 — —

38 No 76 101 19 — — 6:43:03 4.287

2IBM 370/158 FORTRAN H, OPT =2. Y Planes were dropped due to crossflow separation. The number tabulated, e.g., 8/10, gives the average number of

planes per £ step, 8 with a maximum of 10 planes down to crossflow separation.

The cones used by Boylan and Sims were so short that the
crossflow did not separate, even though the angle of attack
was 40 deg. Experimental data were not available for com-
parison, but the PNS solutions obtained by Waskiewicz and
Lewis!® were used to check the validity of the VSL3D
solution. The parabolic treatment of the crossflow
momentum equation prevented solutions from being obtained
on the leeward side using the present method. When crossflow
separation occurred, the solution stopped marching around
the body but continued marching downstream. The ¢
derivatives on the last { plane were changed to backward
derivatives instead of the zig-zag derivatives used elsewhere.
The inconsistencies between the two derivative evaluations
cause some problems with the solution at the last plane,
especially in the calculation of the standoff distance. Figures 5
and 6 compare the wall pressure distributions with a PNS
solution. The agreement between the VSL3D and PNS
solutions is good until the VSL3D code begins to drop { planes
at s="7. Afterwards the pressure on the 80-deg plane becomes
high. The circumferential distribution shows the wall pressure
at s =29. The shock-layer prediction is in good agreement on
the windward planes but becomes higher as the solution
sweeps around the body. The shock shape predictions are
shown in Fig. 7 and compared with the PNS solution. The
prediction on the windward planes is good even at this large
angle of attack.

These test cases have been used in an attempt to validate the
VSL3D code. Comparisons have shown that the shock layer
gives good predictions of the entire flowfield at lower angles
of attack. The VSL3D predictions were actually in better
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Fig. 7 Shock-shape distribution along a sphere-cone at 38-deg angle
of attack.

agreement with the experimental data than the PNS solutions
for the Boylan!S and Kinslow !¢ conditions, and the ability to
use the slip boundary conditions improved the VSL3D
prediction. At high angles of attack, the VSL3D technique
could be used to make reasonably accurate predictions on the
windward side planes, but the parabolic treatment of the
crossflow momentum equatlon prevents a solution in the
separated region.

The shock-layer approach must also be efficient in com-
puting cost to be a useful tool. Even though the predictions
are good, the computing time required must be reasonable or
the cost of obtaining a solution may be prohibitive for use as
an engineering tool. Table 2 presents a summary of the
computing times required for these calculations and compares
the present VSL3D method with the times required for a
parabolized Navier-Stokes solution. The typical solution time
for the VSL3D is 4 to 8 times faster than the PNS solution,
and this factor could be increased by allowing the VSL3D
solution to take longer step sizes downstream. The solution
procedure for the PNS code has a limit on the step size in the
streamwise direction (see Lubard and Helliwell” and
Waskiewicz and Lewis!?). The shock-layer equations, being
parabolic in both directions, should not have such a
maximum step size. When the slip effects were being con-
sidered, there was a substantial increase in computing time
because the boundary conditions were no longer fixed, but
must also be iterated to obtain a converged solution. When
using slip at the larger angles of attack, it is sometimes
necessary to increase the number of points in the normal
direction to obtain reasonably accurate derivatives near the
wall and shock. Of course, this slows the solution down even
more as indicated in the computing times for case 2. Finally,
note that the time per step was more for case 2 without slip
than for case 1. This is because the sphere-cone in case 2 was
shorter than in case 1. Near the sphere-cone tangent point, the
solution required more iterations than down on the conical
afterbody, and on the short cone this increase caused a larger
average computing time per £ step. Thus, the viscous shock-
layer approach gives reasonably accurate predictions and is
much more efficient than the PNS technique, at least up to
crossflow separation. Such advantages make the VSL3D code
a useful tool in engineering analysis and design.

Conclusions

The viscous shock-layer equations have been extended to
complete three-dimensional blunt-nosed bodies at high angles
of attack. Comparison with experimental data show that the
shock-layer technique may be used to obtain good predictions
of the complete flowfield on sphere-cones at low angles of
attack, i.e., a= 10 deg or on short cones where the crossflow
velocity does not separate. On long cones at large angles of
attack, the parabolic treatment of the crossflow momentum
equations prevents solutions on the leeward side beyond
crossflow separation. More work is needed to improve the
quality of the solution near the separated region and allow the
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code to march further around the body. Comparison with the
PNS solutions show that VSL3D gives reasonably accurate
predictions on the windward side even at high angles of at-
tack. Finally, the computing time for the VSL3D solution is
between 4 and 8 times faster than the PNS approach for the
same flow conditions and could be even faster if larger step
sizes were used on the conical portion of the body.
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