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A numerical simulation is presented for the steady-state � ow over a missile body con� guration for supersonic
Mach number at incidence. The missile has a diameter d of 0.09398m and a length of 13d. Flow conditions speci� ed
are Mach 2.5, angle of attack 14 deg, and Reynolds number 1:23 £ 106 based on the diameter of afterbody to match
experimental conditions. The three-dimensionalNavier–Stokes equations in mass-averagedform were numerically
integrated using both central and upwind difference methods, implicit Beam and Warming algorithm with the
two-equation k–² turbulence model to provide closure of the system of equations. The upwind method captured
the cross� ow shock better, and the central difference method predicted the vortex shape and strength better.
Modi� cations to the two-equation turbulence model, which limited the production of eddy viscosity for vortical
� ows, were implemented to assess the improvement in accuracy. The modi� cations improved prediction of the
vortical shape and strength and showed improvements in the surface pressure predictions due to stronger primary
and secondary vortices. A grid resolution study to examine the effects of the modi� cations to the k–² turbulence
model was conducted. The grid study indicated that the improvements in the shear layer resolution and vortex
core predictions were better when re� nement was made in the body normal and circumferential directions.

Nomenclature
d = diameter of cylindrical afterbody, 0.09398 m
k = nondimensional turbulence kinetic energy
Pk = nondimensional turbulence production source term
pt = nondimensional total pressure
Re = reference Reynolds number, ½1u1c=¹1
jsj = nondimensionalstrain rate
x; y; z = nondimensionalCartesian coordinates in streamwise,

vertical, and lateral directions
® = angle of attack, deg
² = nondimensional turbulence energy dissipation
¹; ¹t = molecular and turbulent viscosity coef� cients
»; ´; ³ = computationalcoordinates
½ = nondimensional� uid density
Á = circumferential angle on body measured from

windward side, deg
! = nondimensionalvorticity
1 = freestream value

Introduction

A T supersonicMachnumbersthe � ow� eldsaroundmissilebody
con� gurations at angle of attack have boundary-layer separa-

tion resulting in the development of vortical structures. The cross-
� ow separation on the leeward side is characterized by the cross-
� ow separation line and the strength of the vortex, which develops
from the separation.Predictionof these quantitiesby computational
methods in recent years are enhanced by improved algorithms and
by making improvements in the available turbulence models.

There have been a number of numerical studies in recent years
dealing with the problem of vortical � ows for ogive-cylinder con-
� gurations at angle of attack.1¡5 The importance of radial grid
resolution for the attached turbulent viscous layers and the radial
and circumferential resolution of the leeward vortices was noted.1

The work used the algebraic eddy-viscositymodel of Baldwin and
Lomax6 and modi� cations1 were made to the turbulence model
to properly evaluate the viscous-layer scale length under the lee-
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ward vortex structure.The computationalwork of Borrel et al.2 also
used the algebraic eddy-viscosity model1;6 and noted the problem
of determining the mixing length at 20-deg incidence. Moran and
Beran4 also used the algebraic turbulence model, made modi� ca-
tions to account for compressibilityand pressuregradients,and also
altered the two coef� cients in the outer region to better match the
law of the wake.

A collaborativestudy5 with participantsfrom Canada, the United
Kingdomand the UnitedStatesappliedseveralNavier–Stokes codes
with algebraic and two-equation turbulence models to predict the
� ow abouta missile bodycon� gurationfor transonicand supersonic
speeds at 8- and 14-deg angle of attack for which detailed exper-
imental data are available. The present work considers one of the
cases of Ref. 5 to assess improvements in prediction accuracy of
vortical shape and strength. This study comprises numerical solu-
tions of the Navier–Stokes equation with the k–² turbulence model
for supersonic � ow past a missile body con� guration at incidence.
To limit the excessivevaluesof eddy viscosityproducedby the stan-
dard k–² turbulencemodel in vortical � ows, the modi� cations to the
turbulentkineticenergyproposedby Menter7 and Dacles-Marianiet
al.8 were used in the presentstudy.These modi� cations to the turbu-
lencemodel used for subsonicvortical� ows by Gordnier9 over delta
wings resulted in improved computational simulation, when com-
pared with the experimental mean � ow measurements.Gordnier’s9

grid resolutionstudieswith modi� cations,althoughnotfullyconclu-
sive, showed larger values of eddy viscosity for the re� ned grid, but
with little effect on the computedvortical solution in the ® D 15 deg
case.However,only relativelysmall changesin the levelof eddyvis-
cosity occurred in the boundary-layerregion under the primary vor-
tex. Showing the effects of the modi� cation to the turbulencemodel
on supersonic vortical � ows is one of the objectives of the present
study. A grid resolution study using the unmodi� ed and modi� ed
turbulencemodel is conducted.Two differentnumericalalgorithms,
namely central and upwind difference, are also compared to assess
the effects of the algorithm chosen on the computed � ow� eld.

Analysis
This section gives details of � uid dynamic equations and tur-

bulence model of an existing computer code, FDL3DI, developed
in the U.S. Air Force Research Laboratory. The governing equa-
tions were taken to be the unsteady, three-dimensional, compress-
ible, mass-averaged Navier–Stokes equations. The k–² turbulence
model is that of Jones and Launder10;11 for which the generalized
formulation was written by Gerolymos.12 The model incorporates
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low Reynolds number terms to account for near-wall effects. The
turbulence model is implemented with the compressibility correc-
tion of Sarkar et al.13 for more accurate representationof supersonic
� ows. Two modi� cations to the turbulent kinetic energy production
term were used by Gordnier.9 The � rst, proposedby Menter,7 limits
the production term:

Pk D min.Pk ; 20:0½²/ (1)

The standard production term in k–² equations can be written in
Cartesian form:

Pk D ¹t

Re
jsj2 ¡ 2

3

@uk

@xk

2

(2)

where jsj D
p

.2Si j Si j / is the strain rate. The second modi� cation,
� rst proposed by Dacles-Mariani et al.,8 replaced the jsj in the pro-
ductionterm by the expression,j!jC2 min.0; jsj¡j!j/. The advan-
tage of this formulationis that it reduceseddy viscosityin regionsof
the � ow where vorticityexceeds the strain rate, such as in the vortex
core. This modi� cation should have negligible effect in shear lay-
ers where jsj and j!j are similar. The complete description of the
governing equations appears in Ref. 14.

The mass-averaged Navier–Stokes equations are solved us-
ing a numerical code based on the implicit Beam and Warming
algorithm.15 The algorithm is second-order accurate spatially and
uses a blended second- and fourth-order Jameson-type damping.16

The MUSCL-based Roe approximateRiemannsolver17 is alsoavail-
able in the present code. A limiter was employed to stabilize the so-
lution near shocks, and a � ow- and mesh-basedcutoff applied to the
two nonlinear eigenvalues in each direction to enforce the entropy
condition. The equations solved by the Beam and Warming algo-
rithm were used successfully in analyzing vortex breakdown above
a pitching delta wing by Visbal18 and turbulent cylinder juncture
� ows by Rizzetta.19

Boundary Conditions
Because supersonic conditions exist at both the in� ow and out-

� ow, at the in� ow, freestream conditions were applied, and at the
out� ow, � ow variables were extrapolated from the interior. Along
the far-� eld boundary, freestreamconditionswere speci� ed. For the
body surfaces, no slip was applied, zero normal pressure gradient,
and an adiabatic wall was used. A line of singularity in the coor-
dinate transformation lies along the longitudinal axis and extends
from the tip of the forebody to the upstream far-� eld boundary.
The � ow variables on this line was obtained by extrapolating the
conserved variables to the surface and then performing the appro-
priate averaging of these values. The � ow was assumed to have
bilateral symmetry with respect to the x – y plane; therefore w D 0
and @=@³ D 0 for all of the remaining variables on the symmetry
boundary.For the k–² equations, freestream values of k and ² were
speci� ed at the far-� eld boundaries. The freestream value of k1
was obtained by de� ning a freestream turbulence intensity, Ti as
Ti D [2=3k1]1=2=u1. The value of Ti was assumed to be Ti D 0:005.
A corresponding value of ²1 was then determined by assuming
¹t1 D ¹1 . The values of k and ² were set to zero at the surface. All
other boundary conditions on k and ² were speci� ed in a manner
similar to the � ow variables.

Conditions of Numerical Simulation
The experimental data were provided by the Defence Research

Agency of the United Kingdom as given in Ref. 5. The geom-
etry consists of a length of 13 diameters, as shown in Fig. 1.
The nose is given by the equation r .x/=d D ¡0:002615.x=d/3 ¡
0:03986.x=d/2 C 0:30984.x=d/. The test case chosen for this study
has freestream conditions of Mach number 2.5, angle of attack
14 deg, Reynolds number 1:23 £ 106 based on the diameter of the
afterbodyof 0.09398m, total pressure141,827N/m2, and total tem-
perature 308 K. The experimental data consist of surface pressure
measurementsat 32 axial locationsand pitot pressure probe sweeps
of the � ow� eld at axial locations of 5.5d and 11.5d .

Table 1 Details of � ow conditions for Mach number = 2.5,
AOA = 14 deg, and Red = 1:23 £ 106 and grids considered

1n
a Grid sizeb Memory, megawords

0.00003 100 £ 50 £ 51 10
0.00003 150 £ 75 £ 76 33
0.00001 121 £ 89 £ 89 37
0.000005 121 £ 159 £ 159 115
aMinimum normal grid spacing normalized by d D 0:09398 m.
bAxial £ radial £ circumferential.

Fig. 1 Body geometry and computational grid.

Figure 1 also shows the computationalgrid used. The asymmetry
in the grid allows for better resolution of the vortices on the lee-
ward side and the strong shock close to the body on the windward
side. The grids developed for this study are of the C type. Because
� ow symmetry is assumed, only a half grid in the circumferential
direction was used.

Convergenceto steady state was monitoredby observingthe inte-
grated normalized surface pressure.The variation of eddy viscosity
downstream of the body was also monitored over � ve characteris-
tic times. The data processing rate (DPR) was 2:03 £ 10¡5 CPU-
s/point/iteration for the 121 £ 89 £ 89 grid on a single processor
of a C-90 computer for the turbulent calculation using the central
differencemethod. The computer memory requirement for all cases
is summarized in Table 1. To assess the accuracy of computational
predictions of the strength of the pair of vortical structures on the
missile body con� guration,pitot pressurevalueswere extractedand
compared along lines in the horizontal H–H and vertical V–V di-
rections traversing the vortex core (Figs. 2 and 3). These types of
comparisons were adopted due to the availability of experimental
pitot pressures at x=d D 5:5 and 11.5 in the � ow� eld. The core was
identi� ed by a point in the vortex where the minimum pitot pressure
exists.

A grid size study was conducted to determine the effects of grid
resolutionon thecomputationalresults.The grid sizesandminimum
distances for all four grids are given in Table 1. For the purpose
of the grid study, the standard k–² equations were used to model
turbulence. The pitot pressure along the line (H–H) through the
vortex core for the four grids is shown at an x=d location of 11.5 in
Fig. 2. It is seen that as the points in the radial and circumferential
directionare increased, the solution reachesgrid independenceover
most of the domain plotted. Although the � ner grids (121£89£89
and 121 £ 159 £ 159) demonstrate grid convergence for minimum
pressure in the vortex core, the � nest grid resolves the shear layer
regionbetter thanothergridsresultingin the secondpeakobservedin
Fig. 2. Figure 3 shows verysmall variationin the pitotpressurealong
the line (V–V) through the vortex core for the � ner (121 £ 89 £ 89)
and � nest (121£159£159) grids. The surface pressurecomparison
for three of the grids demonstrating grid convergence is shown in
Fig. 4, x=d D 11:5.

In subsequentdiscussions,the � ner grid (121£89£89) was used
to compare the solutions given by the two differencing methods,
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Fig. 2 Grid study: comparison of pitot pressure along H–H traversing
the vortex core, x/d = 11.5.

Fig. 3 Grid study: comparison of pitot pressure along V–V traversing
the vortex core, x/d = 11.5.

Fig. 4 Grid study: comparison of surface pressure at x/d = 11.5.

central and upwind. The � nest grid (121 £ 159 £ 159) was used to
study the effect of the modi� cation to the turbulence model. A grid
resolutionstudyshowingtheeffectsof gridson the modi� cationwas
done for the � ner (121 £ 89 £ 89) and the � nest (121 £ 159 £ 159)
grids. The summary shown in Table 2 gives the cases considered.

Results and Discussion
Results are given in two sections. The � rst section presents com-

putational results for the two types of spatial discretization:1) cen-
tral differences for both inviscid and viscous terms and 2) upwind

Table 2 Cases considered

Type inviscid Modi� cation to
Grid size discretization turbulence model

121 £ 89 £ 89 Upwind No
121 £ 89 £ 89 Central No
121 £ 89 £ 89 Central Yes
121 £ 159 £ 159 Central No
121 £ 159 £ 159 Central Yes

Fig. 5 Comparison of surface pressure at x/d = 6.5.

Fig. 6 Comparison of surface pressure at x/d = 11.5.

differencesfor inviscid terms and central differencesfor the viscous
terms. The computations in this section use the standard k–² equa-
tions to model effects of turbulence in the � ow� eld. The second
section presents results for the effects of the modi� cations to the
k–² turbulence model on the � ow� eld.

Comparison of Central and Upwind Methods
The computationsfor the purpose of comparing the two methods

were performedon a mesh consistingof 121£89£89 nodes, in the
axial £ radial £ circumferential directions using the standard k–²
turbulence model. Figures 5 and 6 show comparisons of the com-
putedand experimentalsurfacepressuresvs circumferentialangleÁ
measuredfrom the windward side.The comparisonsare for the cen-
tral and upwind difference methods at axial stations x=d D 6:5 and
11.5.The surface pressurecomparisonup to x=d D 6:5 did not show
any differencebetween the two methods. The surface pressure peak
between Á D 90–100 deg is displaced for the computational pre-
dictions of both methods for x=d D 3:5, 4.5, 5.5, and 6.5. Results
for x=d D 3:5, 4.5, and 5.5 are shown in Ref. 14. The surface pres-
sure comparison at x=d D 6:5 is shown in Fig. 5, which shows the
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Fig. 7 Comparison of pitot pressure at x/d = 11.5 using central and
upwind differencing.

Fig. 8 Comparison of pitot pressure along H–H traversing the vortex
core, x/d = 11.5.

typical displacement at Á D 90 deg. This displacement is a result
of variation in location of the cross� ow shock caused by the rapid
expansion of the � ow from the windward to the leeward side.

At x=d D 11:5, the upwind method predicts the C p peak better
at Á D 73 deg (Fig. 6), which is attributed to a stronger cross� ow
shock, than the centraldifferencemethod.The overpredictionof Cp
at this location of x=d D 11:5, Á D 73 deg by the central difference
method is about 6%. However, the pressure recovery on the surface,
as a result of the compressionof � uid behind the cross� ow shock, is
displaced the same for both methods when compared to the experi-
mentally observedCp variation.The suctionpeak near Á D 150 deg
on the surface is better predicted by the central difference method
at x=d D 6:5 (Fig. 5), attributable to a better de� ned primary vortex
discussed subsequently.The surface pressures at x=d D 7:5 and 8.5
display similar behavior as discussed for x=d D 6:5 and are shown
in Ref. 14.

Comparisonof pitot pressurecontours,at x=d D 11:5 (Fig. 7) and
pitot pressure along the line (H–H) through the vortex core (Fig. 8)
show details of the vortical � ow structure for the experimental ob-
servations and computational predictions. It is clearly seen in com-
parison to the experimental pitot pressure contours that the vortex
shape predicted by the central difference method is less elongated
than that by the upwind method.Comparisonof pitot pressurealong
the line (H–H) through the vortex core show that both differencing
methods overpredict the pitot pressure at z=d D 0 (Fig. 8). This can
be attributed to the elongation of the vortex (worse for the upwind
method) seen in the pitot pressurecontours (Fig. 7). This elongation
of the vortex by both methods is due to the excess dissipationof the
k–² turbulence model.

Effect of Modi� cation to Turbulence Model
From the results just described, it appears that the standard k–²

turbulence model produces excessive values of eddy viscosity in
regions of vortices away from the body for high-angle-of-attack

missile � ows. Results obtained by modi� cations to the turbulence
modelas presentedin theAnalysissectionearlierare comparedto re-
sults of the unmodi� ed case. Comparisonsof � ow� eld propertiesof
eddy viscosity, x componentof vorticity, pitot pressure, and surface
pressures are shown in this section. The central difference method
was used for all of the cases presented in this section. A mesh size
of 121£ 159 £ 159 nodes in the axial £ radial £ circumferential
directionswas used for performing computationsfor the purposeof
comparing the effects of modi� cation to the turbulence model.

Locationsof x=d D 7:5 and 11.5 are chosen to compare eddy vis-
cosity producedby the unmodi� ed and modi� ed turbulencemodels
(Fig. 9). At both locations it can be seen that the eddy viscosity is
reduced by about half in the vortex region in the modi� ed case. In
the unseparatedboundary layer on the windward side, however, the
eddy viscosity producedby the two models is similar. The contours
of the x component of vorticity are shown for the unmodi� ed and
modi� ed cases in Figs. 10 and 11. A larger and a better-de�ned sec-
ondary vortex at x=d D 7:5 is seen for the modi� ed case (Fig. 10).
This larger secondary vortex moves the primary vortex farther out-
ward. The vorticity contours at x=d D 11:5 show a less elongated
vortex shape for the modi� ed than the unmodi� ed case (Fig. 11).
These improvements can be attributed to the lowering of the excess
dissipation predicted by the modi� ed turbulence model.

The effect of the modi� cation is shown by the pitot pressurecon-
tours at x=d D 5:5 in Fig. 12. The contours are similar for the ex-
periment and the computation with the modi� ed turbulence model.
The pitot pressurecomparisonsof the unmodi� ed and modi� ed tur-
bulence models show similar behavior with the exception of the
formation of a stronger secondary vortex predicted by the modi� ed
turbulencemodel.This strongersecondaryvortexmovestheprimary
vortex farther away from the body, thereby displacing the cross� ow
shock for the modi� ed computationmore toward the windward side.

Fig. 9 Comparison of eddy viscosity contours at x/d = 7.5 and 11.5,
D ¹t of contours = 20.

Fig. 10 Comparison of X vorticity contours at x/d = 7.5, D !x of con-
tours = 2.1.
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Fig. 11 Comparison of X vorticity contours at x/d = 11.5, D !x of con-
tours = 2.1.

Fig. 12 Comparison of pitot pressure contours at x/d = 5.5 showing
effect of modi� cation to turbulence model.

Fig. 13 Comparison of pitot pressure contours at x/d = 11.5 showing
effect of modi� cation to turbulence model.

The comparison of pitot pressure contours at x=d D 11:5 for the
unmodi� ed and modi� ed cases(Fig. 13) shows the vorticalstructure
in the modi� ed case with a roundedvortexdue to reduceddiffusivity
of the turbulence model. The comparison of the computed pitot
pressure contours with data at x=d D 11:5 for the unmodi� ed and
modi� edmodelsclearlyshows thatthevortexcore isbetterpredicted
by the modi� ed model (19% overprediction) than the unmodi� ed
(34% overprediction) (Fig. 13). Figures 14 and 15 display pitot
pressure variation along the lines (H–H) and (V–V) through the
vortex core for the unmodi� ed and modi� ed turbulence models at
x=d D 11:5, respectively.Figures 14 and 15 show that the modi� ed
modelpredictsmore accuratelow pressurein thecoreof thevortexas
a result of the strongervortex created due to reducededdy viscosity.
The predictionof the shear layer given by the pitot pressure peak at
z=d D 0:55 (Fig. 14) is better for the modi� ed model.

Figures 16–22 show comparisons of surface pressure in the cir-
cumferentialdirectionat variousaxial locationsfor both unmodi� ed
and modi� ed turbulence models with experimental data. The pres-
sure peaks between Á D 70–120 deg at all axial locations are lower
for the modi� ed model, a consequence of the displacement of the
cross� ow shock due to modi� cations, e.g., see Fig. 12. This surface
pressurepeak near Á D 100 deg at x=d D 3:5, 4.5, 5.5, and 6.5 is pre-

Fig. 14 Comparisonof pitot pressure along H–H traversing the vortex
core, x/d = 11.5.

Fig. 15 Comparison of pitot pressure along V–V traversing the vortex
core, x/d = 11.5.

Fig. 16 Comparison of surface pressure at x/d = 3.5.

dicted more accurately by the modi� ed model (Figs. 16–19). The
lowering of the eddy viscosity in the vortex increases the strength
of the primary and secondaryvortices, thereby displacing the shear
layer separating from the missile body and, correspondingly, the
cross� ow shock.

The surface pressure peak in� uenced by the primary vortex at
Á D 150 deg is underpredicted by both models up to x=d D 5:5
(Figs. 17 and 18). At x=d D 7:5 (Fig. 20), there is a considerably
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Fig. 17 Comparison of surface pressure at x/d = 4.5.

Fig. 18 Comparison of surface pressure at x/d = 5.5.

Fig. 19 Comparison of surface pressure at x/d = 6.5.

better agreementof the surface pressureat the Á D 150 deg location
with experimental data using the modi� ed model, the improvement
attributable to a better predictionof the primary vortex location and
strength.This peak computedby the unmodi� ed model at x=d D 7:5
underpredicts the data by 19%. At x=d D 8:5 and 11.5, both models
overpredict the data in these surface pressure peaks to within 6%
(Figs. 21 and 22).

The restof this sectionpresentsresultsanddiscussionon theeffect
of modi� cation of the turbulencemodel on two differentsized grids.

Fig. 20 Comparison of surface pressure at x/d = 7.5.

Fig. 21 Comparison of surface pressure at x/d = 8.5.

Fig. 22 Comparison of surface pressure at x/d = 11.5.

Mesh sizes of 121£89£89 and 121£159£159 nodes in the axial
£ radial £ circumferential directions were used for the purpose of
the grid study. The effect of grid re� nement on pitot pressure due to
modi� cation is presentedat x=d D 11:5 in Fig. 23. The effect of grid
re� nement shows a stronger shear layer and a less elongated shape
for the primary vortex. A stronger cross� ow shock is captured in
the solution with the re� ned grid. The comparisonof eddy viscosity
values for the same axial location of x=d D 11:5 is also shown in
Fig. 23. The values of eddy viscosity are slightly higher for the
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Fig. 23 Grid study: comparison of pitot pressure and eddy viscosity
contours at x/d = 7.5 and 11.5 using modi� ed turbulence model.

Fig. 24 Grid study: comparison of pitot pressure along H–H travers-
ing the vortex core, x/d = 11.5.

Fig. 25 Grid study:comparisonofpitotpressure alongV–V traversing
the vortex core, x/d = 11.5.

re� ned grid in the vortex, but generally, there is little difference in
the magnitudeof eddyviscositydue to grid re� nement.The effectof
grid re� nement on pitot pressure along the lines (H–H) and (V–V)
through the vortex core at x=d D 11:5 are shown in Figs. 24 and 25.
Pitot pressureprediction in the vortex core on both grids is the same
and underpredicts the data by 19%. The solution on the � ne grid
matches the data more closely away from the core and also resolves
the shear layer better (Fig. 24). The comparison of pitot pressure
along the line (V–V) through the vortex core (Fig. 25) shows that
the vortex due to the � ne grid is less elongated. Figure 23 shows
the difference in the vortical structures at x=d D 11:5 for the two
grids.

Concluding Remarks
A computationalstudyof supersonic� ow pasta missile bodycon-

� guration at an angle of attack is conducted. The � ow conditions
are Mach number 2.5, ® D 14 deg, and Reynolds number 1:2 £ 106

based on the cylinder afterbody diameter of 0.09398 m. Accuracy
in predictions of surface pressure and pitot pressure in the � ow-
� eld was studied for central and upwind difference algorithms and
modi� cations to the k–² turbulence model.

The central and upwind differencemethods predictedvery nearly
the same surface pressures with the maximum difference in surface
pressure at x=d D 11:5 being 6% for the Cp peak attributed to the
cross� ow shock. The pitot pressure in the core is overpredicted by
the upwinddifferencemethodby about11% comparedto the central
differencemethodandexperimentaldatameasurementat x=d D 5:5.

The effects of modi� cations to the k–² turbulence model were
investigated.Contours of eddy viscosity, pitot pressure, and x vor-
ticity were plotted for comparison purposes. The lowering of eddy
viscosity in the vortex improves the prediction of the vortex shape
and strength. The improvement in the prediction of the pitot pres-
sure in the core is 15%. The cross� ow shock is displaced for the
modi� ed case, and this results in better prediction of low-pressure
peaksup to x=d D 6:5. The modi� cationallows for strongerprimary
and secondaryvortices to be formed, and this results in a more accu-
rate predictionof the low pressureon the surface,e.g., at x=d D 7:5,
about 19% improvement in the surface pressure prediction of the
suction peak attributed to the primary vortex using the modi� ed
turbulence model.

Grid resolution studies with the modi� ed turbulencemodel were
conducted. The � nest grid considered in this study improved the
prediction of the shear layer that rolls up to form the vortex. The
� nest grid also allowed for prediction of a less elongated vortex at
the missile afterbody.There was, however, little variationof surface
pressure at all axial stations of the missile body between the grids
considered. The overall effect of the modi� cation to the turbulence
model is to improve the surface pressurepredictionat axial stations
up to x=d D 8:5 and to improve the shape and strength of the vortex
system in the afterbody.
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