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Abstract. Aerodynamic flow simulations over a typical sounding rocket are presented. Sounding rocket configurations usually
require fairly large fins and, quite frequently, have more than one set of fins. In order to be able to handle such configurations, the
present work uses a novel methodology which combines both Chimera and patched multiblock grids in the discretization of the
computational domain. The flows of interest are modeled using the 3-D Euler equations and the work decribes the details of the
discretization procedure, which uses a finite difference approach for structured, body-conforming, multiblock grids. The method is
used to calculate the aerodynamics of a sounding vehicle currently under development. The results indicate that the present
approach can be a powerful aerodynamic analysis and design tool.
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1. Introduction

In the present work, the results obtained for the sitranl of aerodynamic flow about a typical sounding rocket, t
SONDA-IIl, are presented. This work is inserted in tlffere of developing the computational tools necessary to
simulate aerodynamics flows on aerospace geometriegiagpthose related to the Brazilian Satellite Lelver VLS
(Azevedoet al., 1995; Azevedcet al., 1996; Azevedat al., 1997; Strausst al., 1999) and the SONDA-IIl. The
SONDA-III presents a quite complex geometric configorativith four front fins and four back fins around a caint
core. The fins are arranged symmetrically around #veral body. An illustrative outline of this configuiati is
presented in Fig. (1). Therefore, mesh generation fofldlesimulation can be a very labourious process eithigr w
structured or unstructured grid technologies. The regianvishin Fig. (2) is the most complex to generate quality
meshes. The fins possess a reasonable thicknessaetea trailing adge. The reseach group has a fair rminau
experience with Chimera and patched multiblock flow simaretifor launch vehicle simulations. But this is thstfi
time that the group uses the two techniques in the same Tbieis also the first time that the group simulaes
vehicle with fins. The initial objective of the presegffort is, therefore, to demonstrate that the usehef two
techniques combined will enable the generation of bettéityjgeds for the problems at hand.

The code for the simulation of the flow over the SONDAxith Chimera and patched multiblock aproach was
obtained as a continuation of the development of the edr¢ady available for Chimera grid simulations fa YA.S
(Bassoet al., 2000), which had already been validated.

Figure 1. Perspective view of the SONDA-III.
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The governing equations are assumed written in conservitim and the equations are discretized in a finite
difference context. Spatial discretization uses secoderoaccurate, central difference operators. The tiraectm
method is based on a 5-stage, Runge-Kutta algorithm (Jareesbn 1981; Jamesost al., 1986), which also has
second-order accuracy in time. The artificial dissgratierms added are based on non-isotropic, Turkel andh Vats
model (Turkelet al., 1994).

In the present case, Chimera and patched grid techniqueset to simulate flows over the complete SONDA-III
rocket. Those techniques together provide the capabdityse structured meshes for the discretization of the
calculation domain over truly complex configurations. ktorer, they allow grid refinement characteristics whaoh
similar to those achieved with unstructured meshes. gaper will briefly describe the theoretical forntida used
together with a discussion of the numerical implem@ntaaspects and boundary conditions adopted. Details of the
current implementation of the Chimera and patched grlthtques are also presented. Results with applicattiongto th
SONDA-III are described and some concluding remarkpraasented.

-

3
-
-

MY
i
i
SN
T
L

i
A

s

.
i
\\\\
i

N

s
i

a
L

N
DR

A
S
T

=
A
-
\\\\\‘\;\:\\\\\““
\\\\

i
N
N

e
R
0

1}

R
D
T

‘}‘\}.\\\\\

o
R
Rt

AR

)
\\\‘\\
N
\\\\\\\\
N
N
s
\%\\\
\\\{\\‘

22

(S
R

-
N
e
N
T
.
N

o

i

it
..a\;‘;‘:““‘\;““ i

o"f;“ i)
5 L
R
et
ot

! Al
il

il

Figure 2. Detail of the front fin region.
2 Theoretical Formulation

It is assumed that the flows of interest in the preseark can be represented by the Euler equations in three
dimensions. These equations can be written in consesMativform for a curvilinear coordinate system as

9Q 0E OF 3G _

A A7 @)
ar o9& an ol
where(j is the vector of conserved variables, defined as
Q =3"p, pu, pv, ow,e". @

In the equationsQ is the densityu,v,w are the Cartesian velocity components afglthe total energy per unit of

volume. TheE , F andG are the inviscid flux vectors,is the Jacobian of the transformation, represented as

J= (Xéyﬂzc t X YeZe ¥ X YeZy — XY 2y — X, Ye 2y T chﬂzé)_l' 3

Expressions for the inviscid flux vectors can be foundigirget al. (1998), among other references. The pressure can
be obtained from the equation of state for a perfecagas

p=(y-1) e—%p(u2+v2+w2) - (@)

A suitable nondimensionalization of the governing eguatihas been assumed in order to write Eq. (1). In pantjcul
the values of flow properties are made dimensionlessresiect to freestream quantities, as described in Pudtiam
(1980).



The governing equations were discretized in a finite diffee context in structured hexahedral meshes which
would conform to the bodies in the computacional domaimceSa central difference spatial discretization metiso
being used, artificial dissipation terms must be addedetdattmulation in order to control nonlinear instat@k. The
artificial dissipation terms used here are based okel'and Vatsa's scalar model (Turletlal., 1994). This model is
nonlinear and non-isotropic, with the scaling of thiffieilal dissipation operator in each coordinate dir@ttiveighted
by its own spectral radius of the corresponding flux Jacolmatrix. In the present implementation, the residueatqe
is defined as

RHS" = -At(3,E" +3,F" +5,G"). 5)

Here, theé'{, 5,7 and 5< terms represent mid-point central difference operatotise £, /7 and ¢ directions,
respectively. The numerical flux vectors are defined as
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The artificial dissipation operatorsliﬂ,zyjyk , diyjﬂ,zyk and diyjykﬂ,z, are defined precisely as described in Tuekel
al. (1994).

Since steady state solutions were the major intergstesent study, a variable time step convergencédeaation
procedure has been implemented. In the present casen¢hstep is defined as

A =S )
i,j.k c
i,k

The characteristic velocitg, ; , is defined as

Gk~ manU|+a\/<(f +<(; +€(zz’[v|+a\/’75 +’7§ +/722,|W|+84¢Cf +C§ +sz)i,j,k- (8)

wherea is the speed of sound abklV andW are the contravariant velocity components.

The time march is performed based on a 5-stage, 2nd-aderage, hybrid Runge-Kutta time-stepping scheme,
where

0) —
Q¥ =Q"
QY =Q@ —a,RHS'?, whereq, =1/4, a,=1/6, a,=3/8, & ,=1/2 e A, =1, 9)
Qnﬂ — (ji(S) '

It should be emphasized that only the convective opefaside the RHS term indicated in Eq. (9) is actually
evaluated at every time step. The artificial dissipateyrm is only evaluated in the first and second stafydse time-
march procedure. It can be shown that this providesgindamping to mantain nonlinear stability (Jamestoal.,
1981) whereas it yields a more efficient numerical sehem

3 Computacional Grid Topology

The SONDA-III rocket possesses a central body whase ffont fins and four back fins are mounted. In order to
save computacional resources, 1/8 of the complete coafigorin the azimutal direction was simulated. This
simplification is valid in the present work becausey®iimulations with zero attack angle were considered. Whig
taking advantage the symmetry of the problem, the corigur is reduced to 1/8 of the central body in the azimuta
direction, 1/2 front fin, and 1/2 back fin. In total, 13 meskvith relatively simple geometry to model the rocked the
fins were used. These meshes are distributed in the fotjomay:



- 7 meshes for the front fin, denominatey, m,, m,, m,, m,, m; e m,, Fig.(3);
- 3 meshes for the back fin, denominateg, m,, e m,,, Fig. (4);

- 1 mesh for the central body, denominateg,, Fig. (5);

- 1 "background” mesh for front fin, denominated,, Fig. (5);

- 1 "packground” mesh for back fin, denominatey, , Fig. (5).
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Figure 3. Front fin meshes.
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Figure 4. Back fin meshes.

The computational meshes used in the present work wegeradrated by algebraic methods within each block. In

particular, the multisurface algebraic grid generatichrigue described by Fletcher (1988) has been implemented in a
fairly general code for the present configurationse Thde allows grid clustering at various regions and afagunt
of control on the grid point distribuition along the norndidection. Both hyperbolic tangent and exponential grid
stretching functions are used to obtain the desired brdeting and coarsening over the body. The meshes tghera
by that method are 2-D. The mesh that discretizes titeat®ody is rotated around the longitudinal axis, olitg a 3-
D mesh. Initially, for the fins, 2-D meshes are gatesl for the superior and inferior surface. The infesimface is
deformed through a mathematical transformation to confo the cylindrical and conical sections of tleatcal body.
Finally, intermediate surfaces are obtained through tampalation of the superior and inferior surfaces pngsliyp
calculated (Fig. (6)).

The code for the VLS used only Chimera grids. Howewering the initial mesh planning phase for SONDA-III,
the study group noticed that, due to the geometric chastiterof the new problem, using only Chimera meshes
would not be viable. The adopted solution was to use Chiineconjunction with patched grids. This procedure made
possible to generate the meshes in a much simplerinvagmparison with other proposals that just used ormigge
or another. The Chimera subroutines of the originalesdbr the VLS were adapted and it was implemented additi
subroutines for the use of patched grids. It was alsoeimgahted routines for the control of the flow of inforiomat
among the meshes, and all the particularities of tiggnat code for the configuration of the VLS were éfiated.
With that, the study group developed a somewhat general tatecan work with Chimera and patched grids, in



complex configurations. The number of meshes thatdlde can manage is just limited by the amount of memory of
the machine.

The flow of information among the meshes can be seéigi (7). Basically, theém, to M, meshes, that involve
the front fin, change information amongst themselvesguie technique of patched meshes. These 7 meshes change
information with them, mesh (one of the two "background" meshes), and finthllym, mesh changes information

with the central body meshm, ;. For the back fins, the process is similar. TheKgaound" mesh has the function of

serving as transition among the fin meshes (that meseslarge number of points) and the central body iftleah
possesses few points). Besides, the background meshttiidesmplexity of the configuration, since the cenltxady
mesh does not see the fin meshes. In case the "baokijmmeshes were not used, the central body mesh wouddmee
have a lot more points in order to communicate in aniefft way with the fin meshes.
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Figure 7. Information flow of the Chimera meshes (laftyl of the patched meshes (right).



5 Treatment of Patched Grid Interfaces

In this present work, a patched grid always sharesmnom face of points with other patched grid mesh. Aslit
be explained ahead, those meshes should be modified amddtidication has the effect of increasing the common
point area. To illustrate this procedure, we will suppgbaéwe have two meshes, denominaieahdB, as presented in
the left side of Fig. (8). Those meshes should be expandedjér to make possible the implementation of a catle w
the capacity to transfer information through the comrfaxes. It is desirable to maintain the order of ahéicial
dissipation in all points. Taken into account that thificet dissipation uses 5 points, a possible solutioto isxpand
the meshes so that there is an area of 5 rows of goitammon, as indicated in the right side of Fig. (8ah be
observed that 2 rows of points were added to each mesh, ediskd the displacement of the first column of points.
The following steps are executed:
- Initially, the properties of all interior points Ided in the expandel mesh are calculed, advancing one step in time.
- The points located in the first column of tBemesh receive the values of the properties of the paihthe fifth
column of theA mesh.
- The points located in the second column ofBhraesh receive the values of the properties of the pofrttee fourth
column of theA mesh.
- All the interior points of th& mesh are calculed, advancing one step in time fonteah.
- The values of the points located in the fifth columnh&B mesh are transferred for the first column of Ahmesh,
and the values of the fourth column of Bienesh for the second column of thenesh.
- The interior points of th& mesh are calculed again and the process repeats itself.

Figure 8.A andB meshes before (left) and after (right) the expanpiocess.

The third column of the two meshes is left "free" armdviilue is determined by the calculation of the interior
points, without any imposition of values, as it happendl tie first and the second columns. Attempts of imgpsin
some value in the third column, as for exemple an averagagthe two meshes, resulted in a significant deciafase
the convergence rate. In 3-D, instead of lines or colyrthe meshes have planes in common. In the presekt tive
meshes are built with a single face in common, and diti@tal code takes charge of reading a connection matrix
(represented graphically in the right side of Fig. (8)decide which faces of each mesh should be expanded. An

interesting fact to be observed is when there are 3emestL" around a wall, as it happens with the medhies M,

and M, in the Fig. (3), a volume of points without physical seis created in the middle mesh. The code should be
capable of identifying those volumes and of ignoringrthe

6 The Chimera Holecutting Process

The Chimera grid possesses a sobreposition area, bla tiné patched grid, there is no need for the points to
coincide. Again, that area is responsible for the exchahgdgormation among the meshes. However, as noff dtleo
points are necessary for the communication among gshes, we can logically eliminate some points. Actuallyof
the points continue to exist in the computer memory.cvéate an auxiliary matrix that associates to eacht pbihe
mesh an "on value” or an "off value". The points aimielated by two reasons. The first one concerns tbietifeat
points of a certain mesh are located inside an arémutiphysical sense of another mesh, as a solid aneexa@mnple

would be the points of th&n, mesh that are located inside the front fin. The ld# sf Fig. (9) exhibits the mesin,
with the points eliminated, and the outline of the fin.phactice, a virtual volume larger than the solid volume



created, and all points of the mesh that are inside theabivolume are eliminated. The creation of the virtuime
makes possible the control of the amount of pointbeteeliminated. The second reason for eliminating paints

reduce the sobreposition area. An example would be the cbathpimeshm,,, that contains the two "background”

meshesm, and M,,. A virtual volume completely contained in a "backgroundsmis created and all points of the

mesh that are inside this volume are eliminated. The sightof Fig. (9) displays the result of this process.

After the "holecutting" process, the next step congistdentifying the Chimera boundary points. These paings
the ones that were not eliminated by the previous prpbeasshat possess at least a neighbor that was elidinghe
Chimera boundary points are not calculated in the samehaathe other interior points. They have the valuaheif
properties interpolated. Each Chimera boundary point isdddaside of a hexahedron whose vertices are formed by

points of the other Chimera grid. We will caPp,, P,, P;, P;s Ps. Pg. P; and pg the distances between a

Chimera boundary point of the first mesh and each ogitjte vertices of the second mesh, respectively. Tileniog
values are calculated

H, = P,.P;-Py-Ps-Ps-P7-Ps.
H, = P,.P;3-Py-Ps-Ps-P7- P,
Hy = Pi-P;-Py-Ps-Ps-P7-Ps.
H, = P..P,-P3-Ps-Ps-P7- P,
H5 = P;-P2-P3-Py-Pe-P7-Ps 10§
He = P.-P-P3-Py-Ps-P7-Ps.
H; = P..P,-P3.Py-Ps-Ps-Ps.
Hg = Pi-P,-Ps-Ps-Ps-Ps-P;

they represent weights that participate in the interfpoigbrocess. The property in the Chimera boundary psint i
therefore defined as

8
P = 81 (ZPViHij’ (1)
w5
=

where Pv; represents the values of the properties in the esrtitat contribute to the interpolation of the propsrtif

that particular point. In other words, they are thei@alof the properties in the eight vertices of a certaxaliedron of
the mesh in which the Chimera boundary point is contained

w77, -

[T
T
)
A1444r0,
7 7755

LT 77 77445%
5 r 7 7 7 A

L
-

ML L
fr |

Figure 9. Detail of the “backgroundn, mesh (left) and central body,; mesh (right) after the “holecutting” process.



7 Results and Discussion

The results presented refer to simulations of the wer the SONDA-III rocket during its first stage flighthd
specifc results included here consider only the casefieigistream Mach numbédvl . = 2.0 and zero angle of attack,

which is representative of the simulations performedasdor the configuration. Moreover, as the flighhdé in the
lower atmosphere for these rockets is very short aads¢hicle is at supersonic speeds during most of this,flight
seems appropriate to select a supersonic flight conditio the present discussion. Furthermore, the purpbslee
present paper lies mostly in the capability implementestead than a detailed account of the SONDA-III
aerodynamics. Within the supersonic speed regime, seweeabsting aspects of the Chimera and patched grid
techniques can be analyzed, such as the communicatiofioohation across the internal boundaries among blocks
with discontinuities in the flow properties. As previgushentioned, the major interest in this work concetres t
evaluation of the joint use of the Chimera and patch&btgchniques as a tool for flow analysis on geometries of
interest for the group.

As one can observe in Figs. (4) and (5), the afterbodjopoof the vehicle has been simplified for the siatighs
here reported. This simplification has been performeduszprevius experience (Azeveti@l., 1997; Strauset al.,
1999) with afterbody flows has demonstrated the need ¥@caus turbulent formulation for the adequate description
of such flows. In the future, an accurate descriptiorhefdferbody will be included in the vehicle model, i is
beyond the scope of the present effort. Furthermbeeadded complexity in the afterbody region would notrdmrte
to the major interest of the present work.

Figure (10) exhibits the residue history for all the msesfibe CFL used was 0.9 and approximately 8000 iterations
were needed to reach machine zero. Mach number corfidodhe central body, the front and back fins camlserved
in Figs. (11) and (12), respectively. In these figures pibints which were eliminated from the holecuttingcpes were
not plotted. Figure (13) exhibits the recirculation zdmat is formed in the trailing edge of the front fin. Theima
objective of this work was not to capture phenomena Wwih level of detail, but even so, in spite of the lovohason
of the mesh in that area, the results were quite sztisja

109 1o(RHS 1)

Iterations

Figure 10. Residue history for all the meshes used isitigation (M, = 2.0 and CFL=0.9).
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Figure 13. Recirculation zone in the front fiM(, = 20anda =0 deg.).



8 Concluding Remarks

The paper has presented results for 3-D Euler simulatiottsedlow over the SONDA-III, a typical sounding
rocket. To the authors knowledge, this is the firsetimat such accurate and detailed simulation for the dlosv the
SONDA-III is performed and presented. A structured roldtk code has been implemented, using a Chimera and
patched approach for handling the geometric complexity ottimdiguration. That was the first time that the group
simulated a vehicle with fins and also a configuratiowirich there were body intersections (the centrdlhsith the
fins, Figs. (1) and (2)). In spite of not having experimlergaults for comparison, the results here presented see
coherent. All codes used were developed by the research gndupepresent a powerful aerodynamic analysis and
design tool. Finally, the presented methodology, using ditation of Chimera and patched approaches, seems to be
convenient to work on similar problems with the preseof several fins. The main noteworthy advantages:we
- Flexibility: the use of Chimera and patched grids togesliews the generation of meshes with much more aade

speed.

- Modularity: the use of "background" meshes allows hidirggcomplexity of the meshes that involve the finsabm
modifications are simple, because there is no neggbterate all the meshes or even to reschedule theoflow
information.

- Point concentration: the use of multiblock meshesvabthe refinement of localized areas in a way verylaino
what can be achieved with the unstructured meshes.

The power of this combined Chimera/patched grid simulatapability becomes evident when one considers that it

was possible to simulate the flow over a complete 8.7rg k@hicle and, at the same time, to capture details of

phenomena occurring along the trailing edge of the frdims| which have only 1.5cm semi-height. Furthermdris, t

was accomplished with a computational mesh of fairly nmaxies.
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