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Nomenclature
E , F , G = inviscid � uxes
EÀ , FÀ , GÀ = viscous � uxes
QE , QF , QG = � uxes in general curvilinear coordinates
J = Jacobian of transformation
P = pressure
Q = primitive variable matrix
qx , qy , qz = heat-conductionterms
u, v, w = velocities
V = volume
x , y, z = Cartesian coordinates
® = angle of attack
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» , ´, ³ = general curvilinear coordinates
¿i j = tensor of stresses
½ = speci� c mass

Introduction

T HIS study is concernedwith developinga supersoniccombined
computer code to be used on microcomputers as an aerody-

namic design tool in preliminary and middesign stages. The CPU
time needed for solving the Navier–Stokes equations for compress-
ible � ows is very high and normally requiresa large computermem-
ory; thus, in most cases supercomputersare used for such extensive
computationalefforts.1;2

In preliminary design stages, however, extensive computer re-
sources might not be available and/or might be too costly. In prac-
tice, some approximate forms of the Navier–Stokes equations are
solved.3 The thin-layer Navier–Stokes (TLNS) equations are de-
rived by neglecting the viscous terms in a streamwise direction.
Although the use of TLNS decreases the required computer time
and memory, the required resources are still large. The parabolized
Navier–Stokes (PNS) equations are obtained by further neglecting
the unsteady terms in the TLNS equations.For supersonic� ows the
PNS equationshavea hyperbolic–parabolicnatureandcan be solved
using space-marchingalgorithms. Therefore, the solution proceeds
plane by plane, considerably decreasing the required computer re-
sources. Using the PNS equations, however, is limited to the cases
of supersonic � ows with small streamwise pressure gradients and
a starting plane of data is required in all cases to initiate the com-
putation. Also, certain modeling must be taken for the subsonic
streamwise pressure gradient within the boundary layer to suppress
the upstream propagationof information.Hence the PNS equations
are not appropriatefor blunt-bodyand wing-bodyproblemsbecause
of the subsonic � ow restriction.

One alternative is to use a dual-code combination, that is, using
the PNS code in most of the region and the use of the TLNS code
wherever the PNS is not applicable. Wood and Thompson4 imple-
mented such a combined solution procedure for hypersonic � ow
� elds about blunted slender bodies using a TLNS code (LAURA5/
in the nose region and a PNS code (UPS6¡8/ in the afterbody re-
gion. The application of integrated LAURA-UPS procedure was
demonstrated for two slender blunted cones.

Sturek et al.9 reported the application of a three-dimensional
TLNS solver, which was a central-differencing technique to pre-
dict the Magnus force and moments for hemisphericaland � attened
blunt-nose con� guration and the PNS code to compute the � ow
over the remainder of the spinning shell. Emdad et al.10 developeda
PNS code to provide solutions on supersonic spinning slender bod-
ies at high Reynolds numbers and moderate angles of attack. This
code is a � nite volume, shock-capturing, upwind scheme with the
Roe method11 that is fully implicit and second-orderaccurate in the
cross� ow planes. An option was included for turbulence using the
Baldwin–Lomax model12 and its modi� cations. This code is used
as a part of a dual-code strategy in this study.

Alishahi et al.13;14 developeda TLNS code. Roe’s method is used
to discretize the inviscid terms15;16 and central differencing for the
viscous terms. Time-derivative terms are discretized with the ex-
plicit technique. The Baldwin–Lomax model12 and Degani–Schiff
modi� cations are used for turbulence modeling. The algorithm is
based on a � nite volume approach. This code is used as the other
part of the dual code.

In this study a PNS code is combined with a TLNS code to solve
supersonic � ows around the spinning bodies. An interpolationsub-
program receives the data from the TLNS code and then prepares
the needed initial data plane for PNS code.The casesof a supersonic
� ow over a nonspinningand spinningsecant-ogiveat Mach number
3 are studied. The dual-code simulation results are compared with
experimental data, and the results are in good agreement with ex-
perimental data. It is found that the dual-code computer time is one
order of magnitude less than that of TLNS code at comparable ac-
curacy and thus provides a useful tool in preliminary design stages.
Applicationof thisdual-codeprocedureto a wing-bodycombination
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is presently undertaken,and the results will be presented in the near
future.

Model Description
In this study a TLNS code developed by Alishahi et al.13;14 is

combined with a PNS code.10;17 This provides one of the few uses
of an upwind scheme dual code for spinning bodies. As a result, the
use of arti� cial viscous terms for accurate shock capturing that is
necessary for central-differencingscheme codes was not required.
This dual-code procedure is used to study nonspinning and spin-
ning slender-body test cases. It is recognized that any real vehicle,
no matter how slender the afterbody is, will have a blunted nose.
Therefore, the procedure is set forward for solving � ow� elds with a
time-marching Navier–Stokes scheme on the nose region followed
by a space marching scheme on the afterbody. The cases studied
are supersonic � ows over a nonspinningand spinning secant-ogive
with Mach 3 at incidenceangle10 deg. For the spinningcase several
different incidence angles and a nondimensional spin rate of 0.19
are used.

Governing Equations
Navier–Stokes equations in Cartesian coordinates in the conser-

vative form are

Q t C .E ¡ EÀ /x C .F ¡ FÀ/y C .G ¡ GÀ /z D 0 (1)
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where e is total energy.The stress tensor componentsare computed
by the Stokes relation.

Equation (1) can be expressed in terms of generalizedcurvilinear
coordinates system as

@ QQ=@ t C @. QE ¡ QEÀ /=@» C @. QF ¡ QFÀ /=@´ C @. QG ¡ QGÀ /=@³ D 0
(4)

QQ D Q=J (5)

We now apply the thin-layer approximation to the transformed
Navier–Stokes equations.This approximationallows us to drop out
all viscous terms containing partial derivatives with respect to »
and ³ , where ´ is generally perpendicular to walls. The resulting
thin-layer equations can be written as

@ QQ=@t C @ QE=@» C @. QF ¡ QFº/=@´ C @ QG=@³ D 0 (6)

and thePNS equationscanbederivedwith droppingout theunsteady
terms:

@ QE=@» C @. QF ¡ QFº/@´ C @. QG ¡ QGº/=@³ D 0 (7)

Detailed explanationswere presented.10;13;17

Matching Process
In this study a dual-codePNS-TLNS strategy is used for solving

the � ow� eld over bodies. In this approach the TLNS code is � rst
used to evaluate the � ow� eld around the nose of the body. This will
generate an initial plane for the PNS code. An interpolation sub-
program is prepared for matching of the two codes. Input to this
subprogram is the grid location and the � eld properties data from
the TLNS code. The grid geometry of the initial plane of the PNS
code is also imported to this subprogram. Afterward this subpro-
gram searches for the neighborhood grids of each PNS grid point.
Knowing the neighborhoodsof each grid point, the � eld properties
for the PNS grid points are linearly interpolatedfrom the � eld prop-
erties extracted from the TLNS code. The interpolation process is
performed for the velocity components U , V , W ; density ½; and
total energy e.

Grid Generation
The grid generation is performed in two steps. In the � rst a few

two-dimensionalgridsof O type are generatedat differentcross� ow
planes.In the secondstep for theTLNS code, these two-dimensional
grids are connected to make a three-dimensionalgrid.

It is obvious that the PNS code needs only two plane of this
O-type grid, and they are generated at the time of the streamwise
marching.The outer radiusof the grids is obtainedusing the Taylor–
Makcoll solution around the nose of the ogive to include the outer
shock. A cross� ow plane of generated grid for a secant-ogivewith
incidence angle 10 deg is shown in Fig. 1. The radial distribution
of the grids is adaptively controlled so that the distance of the � rst
node from the body surface rC will be in the range of 5–10. The
freestream boundary condition is applied on the outer boundary
and the zero velocity and zero temperature gradient at the body
surface.

Results
The � rst test case is the supersonic turbulent � ows at Mach 3

around a secant-ogiveat the incidenceangle 10 deg. The dimension
of the computational grid used for TLNS code at the nose of the
ogive is 6 £ 46 £ 38 in the longitudinal, radial, and circumferential
directions. The dimension of the computational grid for the PNS

Fig. 1 Axialcross section
of generated grid for a
secant-ogive with incid-
ence angle of 10 deg.



J. SPACECRAFT, VOL. 40, NO. 6: ENGINEERING NOTES 895

a) x/D = 3.33

b) x/D = 5.77

Fig. 2 Comparison of pressure at ® = 10 and Mach number= 3.

code at the afterbody of the ogive-cylinder is 52 £ 46 in the radial
and circumferential directions. In this case because of the symmet-
rical condition, half of the � ow domain is solved.

The grid-convergencetest was also performed. It was shown that
usinga � nergriddid not showany differencein the numericalresults
compared with the grid size just noted.

An interpolation subprogram receives the data from the TLNS
code and then prepares the needed initial data plane for PNS code.
This step resolved the problem reported by Wood and Tompson4 in
requiring the exact same grids at the interface.

The circumferential pressure distribution at different axial sec-
tions for a supersonic � ow with Re1 D 6:4 £ 106 based on model
length was investigated. Figure 2 shows this comparison. The test
model had a total length 35.1 cm, which is equivalent to six cal-
ibers. One caliber is equivalent to one diameter of the cylinder
part of the body speci� ed as 5.715 cm. The nose geometry was
modeled as a 3-caliber-long secant-ogive, and the cylinder section
was 3 caliber long. The radius of the secant-ogive was 1079 mm.
The incidence angle was 10 deg. The TLNS and the matching of
PNS and TLNS results were compared with the experiment.18 The
matching position is at x=D D 0:5. In most of the cases, the accu-
racy of PNS–TLNS matching was near to the TLNS result. Because
of the limitation of computer resources for TLNS code, stream-
wise distanceof generatedgrid points was very large in comparison
to vertical and circumferential distance of grid points. In the PNS
code one can choose a very small streamwise grid size. In spite

a) x/D = 4.14

b) x/D = 5.77

Fig. 3 Comparisonof pressure for different initial data planeat ® = 10
and Mach number = 3.

of this fact, the accuracy of the results usually is less than that of
TLNS results. This is because of the existence of � ow separation
at x=D > 3, which decreases the accuracy of results in the leeward
region for PNS code. Because of a high incidence angle and a large
viscous layer at the leeward of the ogive, the accuracy of the results
is less than in comparison to incidence angle of 6 deg. (It is not
shown here because of space limitation.) It is notable that in the
� nal stage of the ogive the accuracy of the TLNS is much better
than of the matching of the PNS and TLNS. Decrease on the accu-
racy of PNS results is caused by the large separated viscous layer at
leeward.

Now, we investigate the effect of position of initial data plane
on the accuracy of PNS code. Figure 3 shows this comparison.The
interfaceplane for the case 1 is at the x=d D 0.5 and for the case 2 is
at x=d D 3:5, and it is notable that the resultsare the same, excepton
the windward. In other words, the position of the generated initial
data plane by TLNS code does not affect certainly on the accuracy
of the PNS code in the � nal stages of the ogive. Even the result of
the � rst case is better than the second at the windward. It can be
justi� ed by some of the errors that are at the startingplane of a PNS
code.At the second case the startingplane is near to the comparison
location.
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Fig. 4 Normal-force and pitching-moment coef� cients: Mach
number= 3 and spin rate = 0.19.

Fig. 5 Side-force (Magnus) and yawing-moment coef� cient: Mach
number= 3 and spin rate = 0.19.

In this section the results of the computation of the magnus ef-
fect are considered. The model con� guration is the same as the
� rst case, and the experimental data are extracted from Neitubicz
et al.19 The dimensions of the computational grid used for TLNS
code at the nose of the ogive are 6 £ 48 £ 82 in the longitudi-
nal, radial, and circumferential directions. The dimensions of the
computational grid for the PNS code at the afterbody of the ogive-
cylinder are 57 £ 102 in the radial and circumferential directions.
The grid-convergence test showed that the mentioned grid size
is enough.

In Fig. 4 normal-force and pitching-moment coef� cients at dif-
ferent angles of attacks are shown. The nondimensionalspin rate of

the ogive-cylinder is 0.19. The comparison with the experimental
data shows acceptable accuracy.

The side-force (Magnus force) and yawing-moment coef� cient
are shown in Fig. 5. Comparison of the simulation results with
the experimental data shows reasonable accuracy. Goshtasbi Rad17

reported a more accurate result for angle of attack of 6 deg,
but some adjustment of the turbulence model coef� cient was
needed.

As an example, the running time for one of the preceding cases is
mentioned in the following. The CPU time for the full TLNS code
with a grid size of 21£ 48 £ 61 was 38 h usinga Pentium4 (2 GHz),
but the CPU time for a dual–code strategywith a cross� ow grid size
of 48 £ 61 and a streamwise step size (1x=D) equal to 0.0001 was
3 h.

Conclusions
One limitation of using the Navier–Stokes code for computation

of the complex compressible � ow� elds is the requirement of ex-
tensive computer resources. In this study it is shown that using the
dual-code strategy it is possible to signi� cantly reduce the needed
computer time. It is found that the required computer time for the
dual-code approach is an order of magnitude less than that of the
TLNS code. The results also show that the model predictions are
in reasonable agreement with the experimental data. The capability
of running this dual-code strategy on microcomputers could make
the approacha useful tool for preliminarydesignsof spin-stabilized
missiles.
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