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An effort is underway to develop a chimera � ow simulation code capable of handling the external aerodynamics
of general launch vehicle con� gurations. Aerodynamic results are presented referring to inviscid, laminar, and
turbulent viscous simulations of the � rst Brazilian satellite launch vehicle during its � rst-stage � ight. The � nite
difference method is applied to the governing equations, written in conservation-law form for general body con-
forming curvilinear coordinates. The spatial discretization is accomplished with a central difference scheme in
which arti� cial dissipation terms, based on a scalar, nonisotropic model, are added to the numerical scheme to
maintain stability. The time-marching process is accomplished with a � ve-stage, second-order accurate, Runge–

Kutta scheme. Studies of mesh re� nement are also presented as a part of the validation effort, with the objective
of providing a certi� ed � ow simulation capability for actual engineering work.

Nomenclature
a = speed of sound
C p = pressure coef� cient
NE; NF, and NG = inviscid � ux vectors
NEv; NFv , and NGv = viscous � ux vectors
e = total energy per unit volume
J = Jacobian of the transformation
M = Mach number
p = pressure
NQ = vector of conserved variables
Re = Reynolds number
U; V , and W = contravariant velocity components
u; v, and w = Cartesian velocity components
® = angle of attack
° = ratio of speci� c heats
± = standard three-point central difference

operators
N± = midpoint central difference operators
½ = density

Subscript

1 = freestream quantities

Introduction

I N the present work, both inviscid and laminar and turbulent
viscous simulations are performed, with the objective of repro-
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ducing the aerodynamic and thermodynamic phenomena that are
present during the � rst-stage � ight of the � rst Brazilian satellite
launch vehicle (VLS). This work is part of an effort to develop
the computational tools necessary to simulate aerodynamic � ows
over aerospacegeometries, especially those related to the VLS sys-
tem. A historical perspective of the development of computational
� uid dynamics tools for � ow simulationover general launch vehicle
con� gurations at the institutions represented here can be found in
Ref. 1.

The VLS presents a quite complex geometric con� guration that
has four strap-on boosters around a central core. An outline of this
con� guration is presented in Fig. 1. The four lateral boosters are
arranged symmetrically around the central body, and they are the
vehicle � rst stage. Therefore, mesh generation for � ow simulation
during the � rst-stage � ight can be a very laborious process, with
either structured or unstructured grid technologies. Actually, both
approachesfor themeshgenerationarebeingpursuedin the research
group, but the results that will be presented in this work are solely
concerned with the use of structured grids.

The initial attempts to generate a good structured grid over the
complete VLS con� guration resorted to a patched multiblock ap-
proach. However, the quality of the meshes so generated was not
adequate for the � ow simulations intended. Therefore, the use of
patched meshes was discarded. Because the research group had a
fair amount of experience in the use of structured grids for launch
vehicle simulations,2;3 the next natural option was to use overset,
or chimera, grids. The initial objective of the use of overset multi-
block meshes can enable the generation of better quality grids for
the problems at hand. The code for the simulation of the � ow over
the VLS with this overset multiblock approach was obtained as a
continuation of the development of the code already available for
single-block � ow simulations.4 The single block code is based on
the three-dimensionalEuler formulation,and it hasalreadybeenval-
idated using data for the VLS and other sounding rockets presently
being considered at Instituto de Aeronáutica e Espaço (IAE).4

The governing equations are assumed to be written in conserva-
tive form, and these equations are discretized by a � nite difference
method. Spatial discretization uses second-order accurate, central
differenceoperators.The time-marchingmethod is based on a � ve-
stage, Runge–Kutta algorithm5 that also has second-orderaccuracy
in time. The arti� cial dissipation terms added are based on the non-
isotropic, Turkel and Vatsa model.6 Some initial three-dimensional
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Fig. 1 Schematic of the VLS system during its � rst-stage � ight.

results have been presented in Ref. 7, although using a somewhat
different time-marching scheme. This reference treats simpler ge-
ometries, but it validates several of the concepts that are used as
building blocks in the present effort. In the present case, the overset
multiblockgrid technique, or chimera technique,8;9 is used to simu-
late � ows over the complete VLS vehicle. This technique provides
the capability to use structured meshes for the discretizationof the
calculation domain over truly complex con� gurations. Moreover,
the chimera technique also allows for grid re� nement characteris-
tics that are similar to those achieved with unstructuredmeshes.

The forthcoming sections will present the governing equations,
togetherwith somedetailsof the numericalmethodused for their so-
lution. A brief discussion of the boundary conditions implemented
is also presented, as well as an overview of the chimera grid pro-
cedure used in the present code. Inviscid, viscous laminar and tur-
bulent solutions for the complete VLS vehicle are presented and
discussed. The viscous calculations are performed through the so-
lution of the Reynolds-averagedNavier–Stokes equations,whereas
the inviscid cases are solved using the Euler equations.Note that the
code implemented is intended to be used in a routine basis at IAE
for aerodynamic analysis of the aerospace con� gurations of inter-
est at the institute. The paper concludes with a critical evaluation
of the � ow simulation capability implemented and a discussion of
perspectives for future work.

Governing Equations
It is assumed that the � ows of interest in the present work can

be representedby the Navier–Stokes equations in three dimensions.
These equationscan be written in conservation-lawformfor a curvi-
linear coordinate system as

@ NQ
@¿

C @
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where NQ is the vector of conserved variables, de� ned as
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The T superscript indicates the matrix transpose operation.For the
inviscid calculations, NEv; NFv , and NGv are assumedequal to zero.The
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with similar expressions for the other � ux vectors. The complete
expressions for the inviscid � ux vectors can be found in Ref. 10,
and expressions for the viscous � ux vectors, as implemented here,
can be found, for instance, in Ref. 11. Note that, consistent with
earlier comments, the cross-derivativeterms were eliminated in the
de� nition of the viscous � ux vectors actually implemented in the

code. Expressions for the Jacobian of the transformation, J , as well
as for the various metric terms, can be found in Refs. 10 and 12,
among other references. The pressure can be obtained from the
equation of state for a perfect gas as

p D .° ¡ 1/
£
e ¡ 1

2 ½.u2 C v2 C w2/
¤

(5)

A suitable nondimensionalization of the governing equations has
been assumed in writing Eq. (1). In particular, the values of � ow
properties are made dimensionlesswith respect to freestreamquan-
tities, as described in Ref. 12.

The governing equations are discretized in a � nite difference
context on structured hexahedral meshes, which would conform
to the bodies in the computationaldomain. Because a central differ-
encespatialdiscretizationmethodis beingused,arti� cialdissipation
terms must be added to the formulation to control nonlinear insta-
bilities for both inviscid and viscous cases. The arti� cial dissipation
terms used here are based on Turkel and Vatsa’s scalar model.6 This
model is nonlinear and nonisotropic, with the scaling of the arti� -
cial dissipation operator in each coordinate direction weighted by
its own spectral radius of the corresponding � ux Jacobian matrix.
The residue operator is de� ned as the evaluation of the discretized
partial differential equation (or system of partial differential equa-
tions), and, in this way, the numerical value of the residue operator
represents how well the evaluation of the discretized form of the
equations is satis� ed by the current solution in the present iteration
leveln. The arti� cial dissipationterms are added to the residueoper-
ator to maintain nonlinear stability. In the present implementation,
the residue operator (RHS) is de� ned as

RHS.l/
i; j;k D 1ti; j;k

n
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The ±» ; ±´, and ±& terms represent standard three-point central
differenceoperatorsin the »; ´, and & directions, respectively.Simi-
larly, N±» ; N±´ , and N±& are themidpointcentraldifferenceoperators.The
arti� cial dissipations operators, di § 1=2; j;k; di; j § 1=2;k , and di; j;k § 1=2,
which would appear from the applicationof the differenceoperators
indicated in Eq. (6), are de� ned precisely in Ref. 6.

Because steady-statesolutionsare themajor interestof the present
study, a variable time-step convergence acceleration procedure has
been implemented. In the present case, the time step is de� ned as
follows, wherein the Courant–Friedrichs–Lewy (CFL) number is
included:

1ti; j;k D CFL=ci; j;k (7)

The characteristicvelocity, ci; j;k , is de� ned as

ci; j;k D max
±

jU j C a
q

» 2
x C » 2

y C » 2
z

jV j C a
q

´2
x C ´2

y C ´2
z ; jW j C a

q
& 2

x C & 2
y C & 2

z

²

i; j;k
(8)

where U; V , and W are the contravariant velocity components in
the »; ´, and & directions, respectively.

The time marching is performed based on a � ve-stage, second-
order accurate, hybrid Runge–Kutta time-stepping scheme:

Q.0/

i D Qn
i ; Q.l/

i D Q.0/
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Here, the ®l constantsare de� ned as ®1 D 1
4 , ®2 D 1

6 , ®3 D 3
8 , ®4 D 1

2 ,
and ®5 D 1. Note that only the convective operator inside the RHS
term indicated in Eq. (4) is actually evaluated at every time step.
The viscous � ux vectors are only evaluated at the � rst stage of the
Runge–Kutta time-stepping scheme. Moreover, the arti� cial dissi-
pation terms are evaluated at alternate stages (i.e., at the odd stages
in the present case of the time-marching procedure) for the vis-
cous calculations. In the inviscid case, arti� cial dissipation terms
are evaluatedonly in the two initial stagesof the Runge–Kutta time-
steppingmethod. It can be shown that this providesenoughdamping
to maintain nonlinear stability,5;13 whereas it yields a more ef� cient
numerical scheme.

Finally, turbulentsimulationshaveused theBaldwinandLomax14

algebraic eddy viscosity model to provide turbulence closure. The
turbulencemodel was implementedin this work in its standard form
as described by Baldwin and Lomax.14 Because this model is very
well known and its expressions are widely available, they will not
be included here.

Boundary Conditions
For the inviscid calculations, the boundary conditions for the

rocket surface are based on that there should be no � ow through
a solid surface. The no-� ow condition is imposed in the present
context by forcing the contravariant velocity component normal to
the wall, V , to be identically zero in the � ux calculations. Aside
from this boundary condition enforcement at the � ux calculation
stage, conservedpropertiesat the wall points are simply obtainedby
zeroth-orderextrapolationof theirnearestneighborin the nominally
wall-normal direction. Although extremely simple, this boundary
condition enforcement procedure has proved to be quite adequate
with the presentalgorithm.The velocityboundaryconditionsfor the
rocket surface for the viscous calculations are based on the no-slip
conditionfor a solid surface.Furthermore, the wall is assumed to be
adiabatic,and a zero normal pressuregradient is assumed, to obtain
all conserved properties at the wall.

Freestreamconditionsare imposedat the upstreamand lateral far-
� eld boundaries for both inviscid and viscous cases. The upstream
centerline is a singularity of the coordinate transformation.Hence,
properties at this computational boundary are obtained by zeroth-
orderextrapolationfromthecorrespondingpointsin the longitudinal
direction, followed by the averagingof these extrapolatedvalues in
the azimuthal direction. Note that all azimuthal planes converge
to a single physical point along the upstream centerline. Hence,
averaging values in the azimuthal direction is a necessary step to
guarantee that all points in computationalspace that correspondto a
singlepoint in physicalspacehave the samevalues for the conserved
properties.

All quantities are obtained by extrapolation of interior data at
the downstream boundaries for the inviscid cases. For the viscous
cases, the same boundary condition is applied for the downstream
boundaries, although this would not be strictly correct in this case
due to the existence of a boundary layer. Note that, because there is
subsonic � ow inside the boundary layer, information can actually
propagate upstream, even if the � ow outside the boundary layer is
supersonic. Nevertheless, arguments of implementation simplicity
led to the use of such straightforwarddownstreamboundary condi-
tion implementationeven for viscous � ows. Also note that there has
been no observed degradation in result quality due to this simpli� -
cation. Furthermore, zeroth-order extrapolation is used in this case
to further simplify the code implementation.The use of such a sim-
pli� ed boundary condition at the downstream boundary is possible
because only supersonic � ight conditions are addressed.

Because both simulations, including the complete vehicle and in-
cludingonly one-half vehicle,were performed, two types of bound-
ary conditionshad to be implemented in the azimuthal direction for
the central body grid. Hence, if the complete vehicle is included,
periodicconditionsare used in the azimuthaldirection.For the cases
in which a symmetry plane is assumed, symmetry boundary con-
ditions are used for the central body mesh. In this case, two addi-
tional computational planes are included across the pitching plane
to enforce the symmetry conditions. For the booster grids, periodic

boundary conditions are always adopted in the azimuthal direction
for all cases consideredhere. Interior boundaries,which are created
by the multiblock approach, are handled by the chimera property
interpolationprocedure that is described in the next section.

Chimera Technique
The mesh point distribution over the physical domain in which

the � ow is to be computed is always a critical aspect for a success-
ful calculation. Grid point distribution must be balanced enough
to cover the entire � ow� eld, avoiding regions with excessive grid
coarseness. On the other hand, points must be clustered in regions
in which phenomena, such as expansions and shock waves, oc-
cur without exceeding the available computational resources. The
computationalmeshes used in the present work are all generated by
the multisurfacealgebraic technique.15 Note that, althoughthe com-
pleteVLS con� guration is fairly complex,each body that comprises
this geometry is actually very simple. Therefore, each individual
mesh can be generated in a two-dimensional, axisymmetric fash-
ion and then rotated in the azimuthal direction to create the actual
three-dimensionalgrid. For the VLS con� guration, � ve component
meshes are generated, one for each body that comprises the com-
plete con� guration. Figure 2 exhibits one longitudinal plane of the
volume mesh and the surface grid for the VLS central body. Note
that, although the present work has both Euler and Navier–Stokes
solutions, some of the meshes used in the inviscid calculation have
a fair amount of grid stretchingtoward the wall. This grid stretching
is the result of an attempt to capture details of the shock re� ection
phenomena that are expected to occur in the cluster region. Another
important aspect is the need for a suf� cient number of points be-
tween the lateralboostersand thecentralrocketbodyfor an adequate
behaviorof the chimera hole-cuttingprocess. In this process, points
of both meshes are eliminated from the set of active points in the
domain either for beingoutside the � ow regionof interestor to avoid
an excessively large region of overlap. The hole-cutting process is
performed with suf� cient care to allow the formation of an interpo-
lation region among the points of adjacent meshes. The existence
of a larger number of points in those overlapping areas brings an
improvement in the precision of the information exchange among
the meshes at the expense of increasing the computationalcosts.

The present work uses trilinear interpolationto pass information
at each mesh interior boundary point. Note that there is no attempt
to satisfy conservationin this interpolationprocess.Because shocks
may be crossing the interface between grid blocks, it would be
interesting to have the enforcementof some conservationstatement
at grid interfaces. However, the conservative interface treatment is
not included in the present case due to the high computationalcosts
associated with such an implementation, especially in the three-
dimensional case, and because the present effort should be seen as

Fig. 2 Computational meshes for the complete VLS con� guration af-
ter the hole-cutting process: a two-dimensional visualization.
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an evolutionarystep toward a more complete simulation capability.
A conservativemethodat the interfacesamong chimera meshes that
satis� es the conservation laws was developed by Wang and Yang.8

A detailed discussion of the approaches for handling these interior
boundary conditions can be found in Ref. 9.

The code, which actually performs the hole-cutting process, is a
tooldevelopedin-houseby thegroup.In thecaseof the VLS meshes,
the code performs the logic elimination of the mesh points that are
inside the other bodiesand, therefore,out of the calculationdomain.
Notice that only the points that are inside the other bodies of the
con� guration and, therefore, out of the calculation domain, are re-
moved. The solutionprocess in the � ow solveressentiallyconsiders
the following main steps: 1) An initial condition is imposed for all
meshes. 2) An order of operation throughout the various meshes is
de� ned. 3) The residue is calculated in the � rst mesh. 4) The new
solution is calculated for the � rst mesh interior points. 5) Boundary
conditions are updated for this � rst mesh. 6) The points along the
hole boundary are updated in all meshes, which have some over-
lapping with this � rst mesh. 7) The process is restarted from step 3
with the next mesh.

This process is repeated until all of the meshes have reached
the new solution level at time .n C 1/1t . Afterward, convergence
of the solution is veri� ed. If the convergence criterion is not satis-
� ed, the process is restarted from step 3. Furthermore, the chimera
interior boundaries consider a double fringe point approach. Such
an approach allows for the use of the same computational stencil
for the arti� cial dissipation terms either at a block interior point or
at a block boundary point. This approach also facilitates the imple-
mentation of the viscous terms in the present case.

Results and Discussion
The results presented here refer to simulations of the � ow over

the VLS vehicle during its � rst-stage � ight. The speci� c results in-
cluded consider only the case with freestream Mach number equal
to 2 and zero angle of attack. These conditionsare representativeof
the simulations performed so far for this con� guration. Moreover,
because the � ight time in the lower atmosphere for these satellite
launchers is very short, and the vehicle is at supersonic speeds dur-
ing most of this � ight, it seems appropriate to select a supersonic
� ight conditionfor the presentdiscussion.Furthermore, the purpose
of the present paper lies mostly in the description of the capability
implemented instead of a detailed account of the VLS aerodynam-
ics. Interesting aspects of the multiblock mesh technology can be
analyzed for supersonic � ight conditions. In particular, there is in-
terest in evaluating the procedure adopted for communication of
information across the internal boundaries among blocks with dis-
continuities in the � ow properties. As mentioned earlier, the major
interest in this work concerns the evaluation of the chimera tech-
nique usage as a tool for � ow analysis on geometries of interest for
the institutionsrepresentedhere. Furthermore, the results described
here should be seen as a continuation of the code validation effort.
One should observe that the group has already performed some
three-dimensionalChimera simulations, but these only considered
fairly simple geometric con� gurations. In the present case, a truly
realistically complex con� guration is being considered that brings
evidence of the possible uses of the capability for practical vehicle
design activities.

Inviscid Simulations
The complete mesh system used in the inviscid simulations was

divided into � ve component meshes. One of these discretizes the
computationaldomain around the centralbodyusing120 £ 65 £ 33
grid points in the longitudinal, normal, and circumferential direc-
tions, or »; ´, and & directions, respectively. Four identical meshes
are used for the boosters. Each of them has 120 £ 36 £ 33 points
in the longitudinal, normal, and circumferential directions, respec-
tively. Note from Fig. 2 that the afterbody portion of the vehicle
has been simpli� ed for the simulations reported here. This sim-
pli� cation has been performed because previous experience with
afterbody� ows16 has demonstrated the need for a viscous turbulent
formulationfor the adequatedescriptionof such � ows. In the future,

Fig. 3 Pressure contours on the surface of the vehicle for M1 = 2 and
zero angle of attack.

Fig. 4 Pressure contours on the surface of the vehicle around booster
nosecaps for M1 = 2 and zero angle of attack.

a detailed representation of the afterbody will be included in the
vehiclemodel, but � ow simulation in the afterbodyregion is beyond
the scope of the present effort. Furthermore, the added complexity
in the afterbodyregion would not contribute to the major interest of
the present work.

A view of the pressure contours along the vehicle can be seen
in Fig. 3. The strong � ow compressions in the rocket front areas,
indicating the � ow stagnation points and a quite noticeable pres-
sure increase in the region on the central body immediately down-
stream of the boosters noses, can be seen clearly in Fig. 3. This
region of high pressure is due the phenomenon of convergence of
the booster bow shock. Therefore, downstream of this region, there
is a pressure decrease, which can also be observed in Fig. 3. The
� ow, which crosses the boosterdetachedbow shocks,hasa tendency
to move outward due to the high-pressure region just downstream
of the booster noses. This outward motion of the � ow is responsible
for the low-pressure region downstream of the shock impingement
point along the central body. Pressure levels in the region between
the boosters and the central body can be very important during the
� rst-stageseparationprocess.An enlargedviewof the regionaround
the booster nose caps can be seen in Fig. 4, which again displays
dimensionless pressure contours on the body surface. The meshes
used to discretizethe vehiclein this simulationdo not offersuf� cient
resolution to visualize all of the � ow phenomena in the interaction
region and within the necessary accuracy limits. This lack of res-
olution can be observed in Fig. 4 in the rather smooth variation of
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Fig. 5 Pressure contours for a longitudinalplane without boosters for
the VLS at M1 = 2 and zero angle of attack.

Fig. 6 Pressure contours on the central body and two opposing boost-
ers for the VLS at M1 = 2 and zero angle of attack.

the dimensionless pressure contour lines in a region where shock
waves should be present.

Figure 5 shows pressure contours for a longitudinal plane along
the vehicle, which does not include any boosters. This longitudinal
plane is formed by a cut in the complete mesh at an azimuthal
position, which is a symmetry plane between two boosters. The
imprinton this planeof thehigh-and low-pressureregionsdescribed
earlier can also be seen clearly in Fig. 5. Figure 6 shows pressure
contoursfor a longitudinalplanealongthe vehicle.This longitudinal
planeis equivalentto theone shownin Fig. 2. InFig. 6, a longitudinal
plane that contains the central body and two boosters is selected.
The plots in Figs. 5 and 6 clearly indicate the bow shock wave
aheadof the vehicle, the expansionthatoccursat the forebodycone–
cylinderintersection,theexpansionregionalongthe boattail,and the
compression region ahead of the boosters. Note that the formation
of the detached shock ahead of the boosters is clearly captured by
the method, whereas its re� ections are not. This behavior can be
attributed to a lack of resolutionof the computationalmesh used for
the current simulation.

Mach numbers contours along the region between the central
body and the boosters are shown Fig. 7. One can observe in the cen-
tral body surfaceMach number contoursthat there is an acceleration
of the � ow downstreamof the low-speedregion,discussedearlier,as
a consequence of the expansion that occurs in the booster’s cone–
cylinder intersection. This is further accentuated by the deviation
of the � ow caused by the high-pressure region. Furthermore, the
in� uence of the shock re� ections over the Mach number contours
distributionon the surface of the boosters can also be seen in Fig. 7.

Fig. 7 Mach number contours on the surface of the vehicle for M1 = 2
and zero angle of attack.

Fig. 8 Comparison of central body pressure coef� cient distributions
for a longitudinal plane including a booster (M1 = 2 and ® = 0 deg).

One of the reasons for the selection of the present test case is
the existence of experimental data for this � ight condition. These
experimental data and details of the wind-tunnel tests are described
in Ref. 17. Figure 8 exhibits a comparison of the C p distributions
along the vehicle’s central body with the experimental data. In this
case, a longitudinal plane that contains the central body and two
booster axes is selected for the comparison. In other words, the
comparison indicates the agreement of the data for a plane of the
central body corresponding to the cut indicated in Fig. 6. One can
observe that the agreement in the forebody portion of the vehicle is
very good. The agreement in the afterbodyregion, especiallywhere
there is a close proximity between the central body and booster,
is not as good. However, some aspects of the results in this down-
streamportionof thevehiclecan be explainedand/or deservefurther
comment.

First, note that the experimental data indicate that the re� ection
of the booster bow shockwave is at x=L approximatelyequal to 0.6.
The computational results show some change in the C p curve slope
at this location,but they do not have the second pressure coef� cient
peak, which can be seen in the experimental data. Further simula-
tions are currently being performed to try to understand the reasons
for such a difference. On the other hand, the striking difference in
the results downstream of x=L D 0:92 occurrs because the central
body nozzle is not modeled in the present calculations, whereas it
is present in the wind-tunnel model. There is also a fair amount of
difference in the C p distributions in the 0:75 < x=L < 0:90 range. It
is believedthat a large percentageof the differencesobserved in this
region can be attributed to viscous effects because the gap between
the central body and boosters is very small in this region.

Because only � ow conditions at low incidence are being con-
sidered in the present effort, one could take advantage of the � ow
symmetry to use a grid that imposes symmetry conditions along
the pitch plane. This allows further grid re� nement in all directions.
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Fig. 9 Pressure contours on the surface of the vehicle (M1 = 2 and
® = 0 deg).

Fig. 10 Pressure contours for a longitudinal plane without boosters
for the VLS booster (M1 = 2 and ® = 0 deg).

The forthcomingresultsconsidered,therefore,a compositegridwith
one-half of a central body and only two boosters. In this case, the
central body mesh has 220 £ 50 £ 67 grid points on the »; ´, and &
curvilinear directions, respectively. The mesh for each booster has
220 £ 40 £ 33 grid points in the same directions.Pressure contours
for the surface of the vehicle are shown in Fig. 9 for this case. It is
clear that the re� nement has increased the accuracy of the results
obtained. Shock smearing is considerably reduced with the � ner
mesh. Figure 10 shows pressure contours for a longitudinal plane
along the vehicle, which does not include any boosters. The re� ne-
ment effects can be seen in Fig. 11, where a detail of the region
around the booster nose caps is presented. Figure 11 shows Mach
number contours with a far superior resolution than those seen in
Fig. 7, which represents the correspondingfor the coarser grid.

The pressure coef� cient distribution for the simulation with the
� ner grid is presented in Fig. 12. The agreement between experi-
mental and computational results is certainly improved by the grid
re� nement. Also note in Fig. 12 that the pressure distribution in the
upstream portions of the vehicle is essentially unaltered by the re-
� nement. The differences start to appear at the booster bow shock
impingement point on the central body surface. Furthermore, one
can see that the position of the bow shock impingement point is
in better agreement with the experimental data for the current � ne
mesh case. The high pressures caused by the booster bow shock
are quickly attenuated due to the expansion region in the booster

Fig. 11 Mach number contours on the surface of the vehicle booster
(M1 = 2 and ® = 0 deg).

Fig. 12 Comparison of central body pressure coef� cient distributions
for a longitudinal plane including a booster (M1 = 2 and ® = 0 deg).

spherical-to-conical nose intersection. This effect cannot be seen
in the experimental results, probably due to an insuf� cient quan-
tity of pressure measurement points. The computational pressure
coef� cient value just after the shock presents an overshoot. More-
over, even with this � ner grid, there is still no dramatic indication
of the second peak in the C p distribution that represents the second
re� ection of the booster detachedshock on the central body surface.

Laminar Viscous Simulations
The meshes used for the � rst viscous simulationsof the � ow over

the complete VLS had 120 £ 36 £ 33 points in the »; ´, and & direc-
tions, respectively, for each of the booster grids and 120£ 65 £ 33
points for the central body.This grid is referred to here as the coarse
grid. One should observe that this is same grid used for inviscid
calculations,as already reported in Fig. 2. However, this grid has a
re� nement near the wall that is well beyond what would be required
for an Euler solution. This approach was used on purpose to allow
a comparison of inviscid and viscous calculationson the same grid.
Furthermore, the actual complete con� guration is used in the sim-
ulations, namely, the central body and four boosters are included
in the de� nition of the computationaldomain. In these simulations,
the freestream Mach number is assumed to be M1 D 2:0, and the
angle of attack is zero. The Prandtl number is set to Pr D 0:72, and
the Reynolds number is 1 £ 107 based on the diameter of the central
body of the vehicle. Figure 13 representsthe Mach number contours
in the longitudinal plane (plane 1) in Fig. 14.

The boundary-layerthickeningalong the central body surface, in
the region immediatelyupstreamof the lateral boosters, can be seen
clearly in Fig. 13. The thickeningof the boundary layer is initially a
result of the detached bow shock’s (ahead of the boosters) impinge-
ment on the central body surface. The information on the pressure
rise due to shock impingement propagates upstream through the
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Fig. 13 Mach number contours on plane 1 (Fig. 14) for laminar � ow
simulations with the coarse grid (M1 = 2, ® = 0 deg, Re = 1 ££ 107 ).

Fig. 14 Top view of complete VLS con� guration indicating some of
the planes in which vehicle results are presented.

boundary layer. Eventually, the information on the pressure rise
due to shock impingement causes � ow separation upstream of the
impingementpoint due to the weakeningof the boundary-layermo-
mentum. Boundary-layer separation, on the other hand, causes the
creation of an oblique shock wave, which, unfortunately, is not
clearly seen in Fig. 13. This oblique shock wave is more readily
seen on pressure contour plots. Note that these � ow features ahead
of the booster nose caps are not present in the Euler simulations.
The overall � ow topology indicates that, even with coarse grids,
the viscous solutionsare providing � ow structures that are different
from these seen in the Euler cases.

Figure 15 presents the velocity vectors in a � ow plane that con-
tains the central body axis and the axes of two boosters (plane 1
in Fig. 14). In particular, Fig. 15 shows the details of the � ow� eld
just upstream of the booster forward aerodynamic fairing.Note that
only velocity vectors corresponding to grid points in the central
body mesh, in the cited plane, are represented in Fig. 15. Velocity
vectors associated with points in the booster grid were suppressed
from Fig. 15 to allow for a better visualizationof the � ow� eld in the
region. Flow deviation due to the booster is clearly seen in Fig. 15.

Fig. 15 Detail of the velocity vector plot around the booster nose
cap for laminar simulations with the coarse grid (M1 = 2, ® = 0 deg,
Re = 1 ££ 107).

Fig. 16 Streamlines near the booster nose for coarse grid laminarsim-
ulations (M1 = 2, ® = 0 deg, Re = 1 ££ 107).

Furthermore, one can also clearly see in Fig. 15 the recirculation
region that extends from approximately 2.5 booster diameters up-
stream of the booster nose until well within the conical booster
section. The velocity pro� les along a portion of this separation re-
gion also seem to indicate that there is even a secondary separation
within the recirculationregion. The streamlineplot shown in Fig. 16
corroborates this last observation. It must be emphasized, though,
that Fig. 16 only shows a portion of the region depicted in Fig. 15,
and, hence, it does not include the complete separation region.

Pressure coef� cient distributions on plane 1, along the vehicle
central body wall, are shown in Fig. 17. Besides the comparison of
the current laminarNavier–Stokes resultsand the experimentaldata,
Fig. 17 also presents the pressure coef� cient distribution obtained
from the inviscid calculations for a similar grid. One can observe
that, in the forward portion of the vehicle, the agreement between
computationaland experimental data is good.

There are discrepancies, however, in the boattail region. At the
present time, the authors are not very concerned about these dif-
ferences in the boattail region because previous experience with
axisymmetric calculations3 has indicated that a very � ne mesh is
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Fig. 17 Pressure coef� cient distributions for plane 1 along central
body wall for coarse grid laminar simulations (M1 = 2, ® = 0 deg,
Re = 1 ££ 107 ).

required to correctly capture the � ow topology in this region. Es-
sentially, at supersonic freestream conditions, there is an oblique
shock impinging on the boattail–afterbody cylinder intersection.
This shock interactswith the body boundary layer, creatinga region
in which fairly complex � ow phenomena are present and, hence, a
very � ne grid in the longitudinal direction is required for capturing
the � ow physics accurately. Such a � ne grid in the boattail region
was notused in thepresentcasebecausethecomputationalresources
available would not allow for the needed re� nement in this region,
and therewas an understandingthat it would be more relevant, in the
present case, to try to provide a better descriptionof the region with
strong interactionbetween the centralbodyand boosters.Therefore,
the discrepanciesobserved in the boattail region could be resolved
by the use of meshes as � ne, in this region, as the ones described in
Ref. 3. Hence, it is a simple mesh re� nement problem that can be
� xed in the future after the other problems are sorted out.

A sudden increase in the pressure coef� cient distribution is ob-
served at x=L »D 0:35 for the computational solution. The increase
in Cp is due to the oblique shock wave created by the separation
region along the central body. The experimental data do not indi-
cate such a pressure coef� cient increase, clearly indicating that the
experimental measurements do not see an oblique shock wave in
this region of the � ow. The difference between experimental and
numerical results could be explained by the � ow being turbulent
at Re D 1 £ 107 . A turbulent boundary layer would not have sepa-
rated as easily due to an adversepressuregradientas did the laminar
boundary layer. Hence, the � ow separationupstream of the booster
nose, which eventually is the originator of the oblique shock, can
simply be a result of the treatment of the � ow as laminar under
conditions in which it is actually turbulent.

Farther downstream, at x=L »D 0:50, the experimental measure-
ments indicate a kink in the pressure coef� cient distribution. This
kink corresponds to the booster detached bow shock impingement
on the central body. Clearly, the computational results do not dis-
play such an effect due to the presence of the oblique shock wave
upstream of the boosters. The position of the pressure peak at
x=L »D 0:57 is correctly captured by the computation, although the
magnitude of the pressure peak has a fairly signi� cant error. There
is a second pressure peak at x=L »D 0:61, which the computational
results simply ignore. Downstream of this second pressure peak,
there is a region with reasonably good agreement between exper-
imental and computational data, but, downstream of x=L »D 0:70,
the discrepancies between computational and experimental results
again become signi� cant. Note, however, that the computational
mesh used in these simulations corresponds to the coarse grid.

A re� ned mesh was generated with 220£ 50 £ 67 grid points
for the central body mesh and 200 £ 40 £ 33 points for each of the
booster meshes. As before, these numbers refer to grid points in

Fig. 18 Dimensionless pressure contours along plane 1 and over the
surface of one booster for � ne grid laminar simulations (M1 = 2,
® = 0 deg, Re = 1 ££ 107).

the »; ´, and & directions, respectively.This grid is referred to here
as the � ne grid. Moreover, this grid only contains one-half of the
central body and two boosters, yielding a total of approximately
1.3 million grid points, which was pretty much in the upper limit for
the computationalresourcesavailableto theauthorsat the time. This
grid implies a factor of four increase in the azimuthal direction res-
olution of the central body grid and almost a factor of two increase
in the longitudinal resolution of both the central body and booster
grids. Furthermore, because these launchers � y only at very low
angles of attack, the consideration that the � ow is symmetric about
the pitching plane is not a severe restriction in the usefulnessof the
computations for design work. The same � ight condition was con-
sidered for the simulations with the � ne grid. Therefore, M1 D 2:0,
the angle of attack is zero, Pr D 0:72, and Re D 1 £ 107, based on
the diameter of the central body of the vehicle.

Figure 18 presents pressure contours on plane 1 (Fig. 14) and
along the surface of one of the boosters obtained with the � ne grid.
Figure 18 only shows the � ow� eld around the nose cap of the boost-
ers. In this case, the oblique shock wave upstream of the boosters,
due to the � ow separation described earlier, is clearly evident in
Fig. 18. Moreover, the detached shock in front of the boosters and
its interaction with the oblique shock are also clearly seen in the
pressure contours. The impingement of the detached shock, from
the booster that is out of the plane with regard to this visualization,
on the booster in the upper part of Fig. 18, is also seen along the
conical section of the latter booster. Finally, the rapid � ow expan-
sion as it passes over the booster cone–cylinder intersection is also
evident in Fig. 18. Hence, it is clear that the � ow in this interaction
region around the nose of the boosters is quite complex.

Pressure coef� cient distributions along the central body, and on
plane 1 (Fig. 14), are shown in Fig. 19. As before, Fig. 19 compares
experimental and viscous computational results and it also includes
the inviscid results for the same grid. It is clear that mesh re� nement
has improved the correlation between the results along the boattail
region in the forwardportionof the vehicle.However, the agreement
is still not perfectin this region,but, as alreadydiscussed,theauthors
are not concerned about these discrepancies in the boattail region
at the present time. The oblique shock wave due to � ow separation
ahead of the boosters is even more pronounced in this case, with a
much better de� ned and stronger pressure jump at x=L »D 0:42. The
positionof the pressurepeak at x=L »D 0:57 is again adequatelycap-
tured by the calculation, but, as before, the magnitude of the peak
is still smaller than the experimental value. The difference in C p

peak magnitude is, however, smaller in this case than it was for the
coarse grid results. Moreover, as one can clearly see in Fig. 19, the
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Fig. 19 Pressure coef� cient distributions for plane 1 along central
body wall for � ne grid laminar simulations (M1 = 2, ® = 0 deg,
Re = 1 ££ 107 ).

simulation starts to capture the second pressurepeak at x=L »D 0:61.
Furthermore, the agreement between experimental and computa-
tional C p distributions downstream of this second pressure peak is
remarkablygood throughoutthe remainder of the vehicle.Note that
the present computations do not represent the vehicle nozzle re-
gion, and, hence, it is not possible to match the results downstream
of the x=L »D 0:92 station. A comparison of the Euler calculations
and the results in Fig. 19 indicate that the � ow in the downstream
sections of the vehicle include important viscous effects, and there
would be no way to obtain good agreement between experiments
and computation without the inclusion of the viscous terms in the
formulation.

Turbulent Viscous Simulations
For the � ight conditions considered here, which essentially in-

volve VLS � ows with Reynolds numbers on the order of 107, based
on the body diameter, � ow� elds are clearly turbulent. Therefore,
the implementationof turbulence models in the code is a necessary
step to provide an adequate representation of the � ows of interest.
The long-termobjective of this developmentwork is to have a suite
of models available in the code and let the user select the model
that better suits the user’s application. It is envisaged that, for the
relevant � ow conditionsfor the VLS, especiallyat angle of attack, a
one-equationor a two-equationeddy viscositymodel will be neces-
sary for a correct representationof the � ow� elds. As an initial step
toward this goal, a simple algebraic model has been implemented
in the code so far. In particular, the algebraic Baldwin and Lomax14

model is implemented in its standard form. This section describes
some preliminary results obtained with this model.

The mesh used for the turbulentcomputationshas 220 £ 50 £ 35
points, in the »; ´, and & directions, respectively, for the central
body grid and 180 £ 40 £ 33 points for each booster grid. Note that
this grid has the same number of points in the wall-normal direction
as the � ne grid used for the laminar calculations.To guarantee the
adequate re� nement near the wall, without increasing the computa-
tional cost, the stretchingfactor in the normal direction was slightly
increased in comparison with the one used in the � ne laminar grid.
The important reduction in the number of grid points, with regard
to the � ne laminar grid, occurs in the circumferential direction for
the central body grid. It was observed in the earlier computations
that the re� nement in this direction was not as critical to the ac-
curacy of the solutions. As in the earlier case, the pitch plane is
assumed to be a symmetry plane in the � ow� eld, and, hence, only
one-half of the central body and two boosters are represented in the
computational domain. The � ight condition considered for these
simulations is identical to the one considered in the earlier cases.
Moreover, here the turbulent Prandtl number was set to 0.9, which
is consistent with other results reported in the literature. Figure 20

Fig. 20 Mach number contours in the � eld (plane 1) for turbulent
simulations (M1 = 2, ® = 0 deg, Re = 1 ££ 107).

Fig. 21 Comparisonofpressure coef� cient distributionsalongthecen-
tral body wall for plane 1 (M1 = 2, ® = 0 deg, Re = 1 ££ 107 ).

presents the Mach number contours for this simulation in the plane
containing the axes of the central body and two boosters (plane 1
in Fig. 14). An observation of Fig. 20 indicates that the � ow� eld
solution in this case is not much different from that obtained for the
laminar calculationswith the � ne grid. In particular,one can clearly
see the � ow separation ahead of the boosters and along the central
body, as well as the oblique shock wave that is formed upstream of
this separationregion. Actually, the � ow separationregion seems to
be even larger in this case, and it clearly extends farther upstream
than in the laminar calculations.

Figure 21 presents a comparison of pressure coef� cient distribu-
tions along the central body for plane 1 (Fig. 14). The curves shown
in Fig. 21 includethe experimentaldata, the turbulentcomputational
results, and the laminar computationalresults obtainedwith the � ne
mesh. It is evident from Fig. 21 that the separation occurs farther
upstream in the turbulent simulation when compared to the laminar
solution.Such a result is contrary to what one would usually expect,
that is, a smaller separationregion in the turbulentcase, and it is also
in disagreementwith the experimental data, which indicate no � ow
separationat this � ightcondition.The authorscannotoffer a conclu-
sive explanationfor such behaviorat this point, but they believe that
the Baldwin–Lomax14 model might be too overly simpli� ed to be
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Fig. 22 Detail of streamlines around the separation region for turbu-
lent simulations (M1 = 2, ® = 0 deg, Re = 1 ££ 107).

able to capture the correct physics in the present � ow situation.The
authors have also started a research effort aimed at implementing
more sophisticated turbulence models into the present code. This
effort, however, is beyond the scope of the present paper.

Furthermore, the agreement between computation and exper-
iment, in the region downstream of the second pressure peak
(x=L »D 0:61), is poorer for the turbulent simulations than it was
for the laminar calculations on the � ne grid. The two grids are not
identical, but, based on the authors’ experience with other launch
vehicle simulations, the grids are suf� ciently similar to rule out the
possibility that the differences could only be credited to the grid.
Furthermore, the fact that the turbulencemodel did not provide cor-
rect results upstream of the booster nose caps, as discussed earlier,
raises the possibility that it could also be contributing to a poorer
agreement at the present downstream location. It is also conceiv-
able that, in such a region, where there is very close proximity be-
tween centralbodyand booster, the � ow is completelydominatedby
viscous effects. This would explain why a laminar solution yields
better results than a turbulent one that implements a very simple
turbulence model. Finally, Fig. 22 presents the � ow streamlines in
the region around the booster nose cap for the turbulent simulation,
and it shows details of the separated � ow in this region. It is clear
that the computations are indicating a fairly complex separated re-
gion, certainly including secondary separation within the original
reversed � ow bubble. It is, actually, quite questionablewhether the
Baldwin and Lomax14 model would truly be able to represent such
a physicallycomplex separatedboundary layer if the computational
results were an accurate representation of the experimentally ob-
served � ow� eld. The experimental pressure distributions,however,
show no evidenceof a separationregion in this portionof the vehicle
at this � ight condition.

The initial expectation was that the implementation of a turbu-
lence model could help improve the correlation between numerical
and experimental data, in comparison with the type of agreement
obtained in the preceding section in which laminar computational
results were reported. In particular, there was hope that the separa-
tion region upstream of the boosterswould disappearand, hence, so
would the oblique shock wave that is formed due to the separation.
Clearly, this is not what the present results have shown. Further-
more, it is well known that the Baldwin and Lomax14 model has a
tendency to add more eddy viscosity than what would actually be
the correct amount to represent the correct physical behavior of the
boundary layer. Hence, this means that the model has a tendency
of stabilizing boundary layers that, actually, should separate. This
compounds even further the questions with regard to the present
turbulent simulations. The authors believe that, at the present time,
the best that can be said with regard to the turbulent simulations is

that their validation is still an ongoing process. At the same time
this paper was written, different meshes were being generated for
this problem, and further analysesof the computationalresults were
being performed. Fortunately, there are experimental results at dif-
ferent Reynolds numbers, for the same freestream Mach number,
and these are being used to try to understand fully the discrepan-
cies observed here. Furthermore, numerical parameters associated
with the Baldwin and Lomax14 model are also being parametrically
evaluated to explain fully the model behavior in this case.

Conclusions
The paper describes inviscid and viscous computations over the

complete VLS vehicle. These calculations use a chimera grid ap-
proach together with a � nite difference numerical method to simu-
late supersonic � ows over the complex VLS con� guration, includ-
ing the central body and the strap-on boosters. The present effort
represents the � rst time that simulations over the complete VLS
vehicle have been performed using such detailed structured grids.
These simulations also represent the � rst time that numerical re-
sults obtained over the complete vehicle are detailed enough that
one could seriously discuss their physical relevance and the � ow
topology in the region where there is close proximity between the
centralbodyand boosters.The capabilityto compute � ow� elds over
such complexcon� gurationswas simply not availableat IAE before
the present effort.

Spatial discretization of the governing equations uses a central
difference scheme, plus added arti� cial dissipation terms. These
are formed as a blend of second and fourth differences, with an
appropriate pressure switch that detects the present of strong pres-
sure gradients. Temporal discretizationuses an explicit, � ve-stage,
second-order accurate Runge–Kutta time-stepping scheme with a
spatially variable time-step option for convergence acceleration for
steady-state problems. Algebraic grids are generated for each body
of the complete con� guration, and these are coupled together in
a chimera sense to generate the complete composite grid for the
overall con� guration.

Despite that Reynolds numbers of interest are on the order of 107,
laminar calculation results are presented for two different meshes
for the sake of code development and validation.The � rst mesh for
the viscous simulationshas approximately830,000 grid points, and
it considers the complete vehicle. The other grid has approximately
1.3 million grid points and treats the pitch plane as a symmetry
plane. Results for the � ne grid calculations show very good quali-
tative agreement with the experimental data for pressure coef� cient
distributions, except for the appearance of an oblique shock up-
stream of the booster nose cap region due to � ow separation of the
central body boundary layer. In particular, the quantitative agree-
ment of the pressure coef� cient distributions,between experiments
and � ne grid computational results, is very good, and the differ-
ences are usually smaller than 5% throughout most of the vehicle.
Clearly, there are some isolated points along the vehicle in which
these differences can be much larger. The comparison also demon-
strates the need to include the viscous terms to capture correctly the
phenomena present in the region of strong aerodynamic interaction
betweencentralbodyandboosters.Finally,somepreliminaryresults
for turbulent simulations using the Baldwin and Lomax14 algebraic
eddy viscosity model are presented. Further analysis of these tur-
bulent results is still necessary to establish their validity fully and
to explain some of the discrepanciesobserved in comparison to the
experimental data.
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