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Normal Force Calculations for Rocket-
like Configurations

Transonic and supersonic flow simulations overdgplaunch vehicle configurations are
presented. A 3-D finite difference numerical coaegtten for general, curvilinear, body-

conforming coordinate systems, is used. The coldessthe thin-layer approximation for
the laminar Navier-Stokes equations. Simulations performed for a launcher and a
sounding rocket configurations, currently under elepment at Instituto de Aeronautica e
Espaco. Calculations consider cases at angle afcltand at various freestream Mach
numbers. Normal force coefficients are obtainedhstiwat the loads required for the
design phase can be determined. Computational tesale compared to available

experimental data. In general, good results withiigineering error margins are obtained.
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Introduction

Launch vehicles are typically designed to fly atyew angles
of attack. Nevertheless, even at such low angledgta€k, the lateral
loads that arise in these vehicles are quite stestjthey must be
accurately determined. Therefore, during the depigrcess, one is
required to determine the aerodynamics of thes&leshat angle of
attack because this will provide the loads requfcedhe structural
design of the vehicle as well as the flight dynanitability
characteristics necessary for the control systesigdeEarlier work
(Zdravistch and Azevedo, 1990; Azevedo, Zdravisarid Silva,
1991) has presented axisymmetric viscous simulgtifom flows
over the first Brazilian Satellite Launch VehicMLS) with very
good representation of the flow physics. Moreo&d) inviscid
computations over the VLS, at low angles of attaskre also
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satellite launcher built with four booster attachedr main body. In
the present work, computations were performed denisig only

the vehicle central body. The solver used is a e-difference

code written for general, body-conforming, cunglar coordinate
systems and solves the thin-layer approximaticih@fcompressible
laminar Navier-Stokes equations.

It should be remarked that the complete repredentaif the
flowfields of interest should consider a turbuleniscous
formulation. Actual flight Reynolds numbers for tivehicles are
very large, of the order of 10and some relevant phenomena
defining the flow topology require a viscous tudmnil formulation.
Nevertheless, this paper includes only Navier-Saksults without
turbulence closure, since it is an account of ti@ugionary process
towards the complete flow simulation capability idesd. These
results are necessary in order to address the tdvatcuracy that
can be attained with the computational tool undevetbpment.

performed (Azevedoet al 1996) with good agreement with Furthermore, as the discussion in the paper wiwshthe results

experimental data.

This earlier work, however, considered fairly siep8-D
geometries and, typically, mesh refinement was feaa adequate
due to computational resource limitations. This cdssion
emphasizes that the problem of simulating transand supersonic
flows over complex vehicles is not a new requirenannstituto de
Aerondutica e Espaco (IAE). However, more recenelb@ment of
the computational tools available in the computetlo fluid
dynamics (CFD) group (Basso, Antunes and Azevedif)0Z),
together with additional computational resourcesilable in the
country, have made possible the analysis of alnrestistic
configurations. In this context, Basso, Antunes afgevedo
(2000b) presented results for the complete, lgestight, VLS
configuration. The comparisons included in that kvoonsidered
solely flight conditions at zero angle of attackeTpresent work,
despite the fact that it does not include the Vatdal boosters in
the analyzed configurations, is aimed at studyimg thehavior of
running normal force coefficients and normal forceefficient
slopes as a function of Mach number. These analysesloser to
the primary aerodynamic data that the designer néedrder to
assess structural loads and control system efteatins. Moreover,
they require the consideration of flight conditiaisangle of attack.

Hence, the computational code is used to simutet&tD flows
about two vehicles now under development at IAEn@lg the VLS
and the Sonda IllI-A sounding rocket, at differenglas of attack
and for various freestream Mach numbers. The VL& fisur-stage
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that can be obtained with the current formulatiom @ready useful
from an engineering standpoint and, in the SonBA kase, they
have actually been used for aerodynamic design.

Nomenclature

a = Sound speed

CFL = Courant-Friedrichs-Levy number
CN = Normal force coefficient

CN, = Normal force coefficient slope

Cp = Pressure coefficient

d = Artificial dissipation term

d = Dimensional vehicle diameter

e = Total energy per unit volume

E,F ,G = Dimensionless inviscid flux vectors in general
curvilinear coordinates
Ey.F, .Gy = Dimensionless viscous flux vectors in general

curvilinear coordinates
J = Jacobian of the coordinate transformation
M = Mach number
Q = Dimensionless array of conserved properties

Re= Reynolds number
RHS= Right-hand side operator
u, v, w= Velocity components in Cartesian coordinates

Greek Characters

o = Angle of attack
a1... 0s = Runge-Kutta control parameters
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At = Time step value

A = Characteristic speed

1 = Dynamic viscosity coefficient

p = Dimensionless density

& n, {= General curvilinear coordinates

Subscripts

o0 = Freestream property
i, j, k = Grid node coordinates

Superscripts
¢ = Runge-Kutta stage counter

Theor etical For mulation

The numerical code used solves the thin-layer amation of
the 3-D, compressible, laminar Navier-Stokes equati These
equations can be written in strong conservation-famm for
general, body-conforming, curvilinear coordinate@ulfiam and
Steger, 1980), as

0 dE-E,), oF -

=0, 1)
ot o¢ on 14
where the vector of conserved quantitiés, is defined as
Q=3"p pu pv pw €. @

The formulation for the inviscid flux vector€, F and G ,

and the viscous flux vectorsg,, R, and G, can be found in

Bigarelli, Mello and Azevedo (1999).
In the case of the viscous flux vectors, despiteititiusion of
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where A§ =An =A{ =1 for the general curvilinear coordinate
case. An anisotropic scalar artificial dissipatioathod (Turkel and
Vatsa, 1994) was used. This scheme is nonlinear alogvs a
selection between artificial dissipation terms e€@nd and fourth
differences, which is very important in capturitgpsk waves in the
flow. In Eq.(4), the artificial dissipation is reggented by thel
terms.

Time march uses an explicit, second-order accufiatestage
Runge-Kutta scheme (Jameson, Schmidt and Turk8l,;1Bmeson

the viscous terms in thand{ directions, all cross derivative terms gng Mavriplis, 1986), which can be written as

were not considered in this formulation. Moreovkeg meshes used

in the simulations do not give support to viscoissigation in those
directions. Therefore, the formulation should bémed to as a
thin-layer model. Throughout this work, the cuméar coordinate
system is defined such thdtis the rocket longitudinal direction,
positive downstreamy is the wall-normal direction, and is the
circumferential direction. Expressions for the Jaan of the

transformation,), and for the various metric terms can be found in

Pulliam and Steger (1980), among other refererntles. Reynolds
number, based on the freestream speed of s@undlensity, 0.,

viscosity, /., and vehicle diameted, is given as Re P.a.4 L.

More details of the present formulation can be &um Bigarelli,

Mello and Azevedo (1999).

Numerical | mplementation

The governing equations are discretized in a fidiféerence
context. The spatial discretization adopted usesndral difference
algorithm plus explicitly added artificial dissijga terms in order
to control nonlinear instabilities. The equatiofsly discretized in
space, can be written as

{a—Q} =-RHS k- (3)
ik

ot

The right-hand side operator of Eq (3) is defingd a
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q(?)k = Q?j,k
G(ﬁ)k =Q D -t ,kRHﬁ{f}fﬁ) (5)
Q?ﬁ = (S.(f)k

where ¢ =12,...,.5 Numerical values for the parameters can be

found in Jameson and Mauvriplis (1986). In the prasiexpressions,

At stands for the time step, andandn + 1 refer to the property

values at the start and at the end of each tinme stspectively.
Equation (5) also indicates that a local time stpfion is being

used in order to accelerate convergence to steath calculations.

This implementation is performed by means of @feL definition

for a general coordinate system. The time stegbeagiven in terms

of the CFL number, as

CFL
Ati,j,k :_/]

: (6)
where theCFL number should be provided by the user anid a
local characteristic speed, defined by the eigereslof the set of
equations. More details of this implementation dsn found in
Bigarella (2002).
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Boundary Conditions and Computational Grids

For the configurations of interest here, the typédoundary
conditions that should be considered include selall, farfield,
symmetry, upstream centerline and downstream (exitiditions.
For the rocket wall, the velocity vector is setztero, and a zero-th
order extrapolation of the pressure and the deissitgrformed. The
upstream centerline is a singularity of the coaatintransformation
and, hence, an adequate treatment of this boundargt be
provided. In the present case, the approach censigxtrapolating
the property values from the adjacent longitudipklne and in
averaging the extrapolated values in the azimuthrattion in order
to define the updated properties at the upstreamedme. At the
exit plane, the boundary conditions are implemetiteough the use
of the 1-D characteristic relations for the 3-D é&utquations. The
interested reader is referred to Azevedo, Fico@ridga (1995) for
further details on the use of 1-D characteristiatrens for boundary
condition implementation. Freestream propertiesaagimed at the
farfield boundaries.

Furthermore, in order to reduce computational ¢cabts grids
used in the numerical simulations performed areegeed for half a
body in the azimuthal direction. This simplificatiés valid for the
cases assessed in this work because low angledtauk aare
considered. This condition implies a symmetric fl@lout the
pitching plane, as indicated in Ying (1986) amottigeo references.
Hence, symmetry is applied in the pitching planéngistwo
auxiliary planes, namely, k = 1 and k = kmax. Thes#&a planes
are added, respectively, before the leeside aret #fe windside
pitching plane.

The final grid for the VLS main body configuratida which
numerical results are mesh independent had 156x&5points. It
must be emphasized that extensive mesh influendéesthave been
performed for flow simulation over the VLS configtion in the
past, and the interested reader is referred to édmand Buonomo
(1999) and Basso, Antunes and Azevedo (2000a) feore detailed
account of some of these mesh refinement studiesxisymmetric
and 3-D flows, respectively. In the present workese mesh
influence studies have been extended and, as sthatednesh for
which results are discussed here is the one thelded grid
independent aerodynamic coefficients. The comprtatimesh for
the Sonda IlI-A configuration had the same numbfepaints. A
view of a longitudinal plane of these grids is show Fig. 1. As in
the VLS case, mesh refinement studies have beéorpexd and the
selected grid yields solutions which are mesh iedepnt. The
computational grids for the VLS and the Sonda lit#ses are very
similar to each other, and they have been constiuct have about
20 points inside the boundary layer, with an expdiaé growth
ratio of 20% along the normal direction to the wall

Pressur e Coefficient Results

In this section, the numerical simulations of thmnf over the
VLS second stage flight configuration at freestrédach numbers
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Figure 1. Overall view of a plane from 3-D grids used.

A comparison between the computational results arailable
experimental data can be seen in Fig. 2. Pressagtiaent, C,
distributions for two different longitudinal rockptanes, which are
the vehicle leeward and windward generators, aesemted. This
figure shows the results for the flow over the Veéhtral body at
freestream conditiong = 0 deg.,Re = 30 million, andM,, = 1.25.
These results indicate that the experimental data &he
computational solution do not present large diffiers. In
particular, the correct trends in ti@p distribution are captured by
the numerical simulation. One can observe thatntiost relevant
discrepancy between computation and experimentchwioan be
seen in Fig. 2, occurs at the end of the boattail, at the boattail-
afterbody cylinder intersection. However, one makio observe
that, in this region of the flow, there is an obkgshock wave that
impinges upon the body boundary layer. The fullyrect account
for this interaction would require an adequate ulebce model.
Nevertheless, even in such regions, the discrepanare quite
small, as one can see in Fig. 2. Several othetaigomparisons, at
different flight conditions, are available for flogimulations over
the VLS. However, the comparison shown in Fig. &gresentative
of the level of agreement which can be obtainedvéen the
experimental data and the computational simulatiesults

M, = 1.25 and 3.00, and angles of attack= 0 and 4 deg. are throughout the speed range analyzed.

presented. The computations are compared
experimental data, obtained through wind tunneltstesThis
comparison is necessary to assess the correcthéiss noumerical
method developed such that it can be used to olaiadynamic
data for vehicles to which no experimental data arailable. In
general, good agreement between the numerical dmal
experimental results is obtained, and numericalvesr are
qualitatively similar to the experimental ones.

292 / Vol. XXVI, No. 3, July-September 2004

to alamilab Similar Cp results for the VLS configuration at a higher

freestream Mach number, namél, = 3.00, are shown in Fig. 3.
This is a more demanding test case for the solmeesat this flight
condition, strong shock waves are present in tbe.flAs in the
previous case, the angle of attack is zero andRthgolds number

tis Re= 30 million.
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1.5 -

Experimental and viscous numerical
pressure coefficient distributions for

the VLS at freestream Mach number 1.25
and at angle of attack o = 0 deg.
Numerical

---+-- Experimental

1,0 L 1 L 1

0,00 0,05 0,10 0,15 0,20 0,25

Figure 2. Numerical Cp distributions compared to experimental data for
the VLS central body at @ = 0 deg. and M, = 1.25. Reynolds number is 30

million.

x/L

Experimental and viscous numerical
pressure coefficient distributions for

the VLS at freestream Mach number 3.00
and at angle of attack o = 0 deg.
Numerical

---+-- Experimental

05 . 1 . 1

0,00 0,05 0,10 0,15 0,20 0,25 0,30

Figure 3. Numerical Cp distributions compared to experimental data for
the VLS central body at @ =0 deg. and M,, = 3.00. Reynolds number is 30

million.

x/L

for the vehicle lee- and windside. In this case¢esia positive angle
of attack is considered, one can observe that thdside pressures
are higher than the leeside ones, as expectederieral, one can
observe in Fig. 4 that the agreement between ngalednd
experimental data is fairly good throughout the igleh except
around the boattail-afterbody cylinder intersectiés previously
discussed, an interaction between shock wave anddaoy layer
exists in this region and this is of fundamentapdmance for the
local flow configuration. However, the levels ofpapximation of
the formulation used in the numerical code presthtere are not
yet detailed enough to represent this interactiommectly. Similar
distributions for the VLS central body at a higlierestream Mach
number, namelyM, = 3.00, are presented in Fig. 5. As in the
previous case, the angle of attack as= 4 deg. and theCp
distributions are presented for the vehicle lee-amdside planes.

1,5 -
Experimental and viscous numerical

pressure coefficient distributions for

| the VLS at freestream Mach number 1.25
and at angle of attack of o = 4 deg.
Numerical Leeside

10 | T Numerical Windside

---+--- Experimental Leeside

--X--- Experimental Windside

1,0 L 1 L 1 L 1 L 1 L 1 L 1
0,00 0,05 0,10 0,15 0,20 0,25 0,30

x/L

Figure 4. Numerical Cp distributions compared to experimental data for
the VLS central body at @ =4 deg. and M,, = 1.25. Reynolds number is 30
million.

Nor mal Force Coefficient Results

For actual applications in design, one is typicallyncerned
with the running normal loads and not with the lopaessure
distributions. Hence, circumferential integratioof the pressure
coefficient distributions were performed to obtatime running
normal force coefficients. These normal forces eateulated for
different angles of attack such that the normatdoroefficient
slope can also be obtained. Further details oprtbeedure adopted
for calculation of the normal force coefficientsnche seen in
Bigarelli, Mello and Azevedo (1999). One should etve that
several other vehicles are currently being develppe improved,
within the range of responsibilities of IAE. Due tmdgetary
constraint in the country, it is not always possitdl take these other

Figure 4 showsCp distributions over the VLS second stagevehicles to the wind tunnel, especially because typically means

flight configuration at an angle of attack= 4 deg.Re= 30 million,

performing tests overseas. The approach which ligetly being

and freestream Mach numidg, = 1.25. Here, results are presentedpursued is to use the experimental data availatighle VLS to

J. of the Braz. Soc. of Mech. Sci. & Eng.
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acquire confidence in the computational tools autiye under
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development. Hence, this flow simulation capabitign be applied
to the other vehicles of interest, since the oVeafigurations are
not that different from the VLS central body. Orfesach derivative
vehicles is the Sonda IlI-A (Bigarelli, Mello andzévedo, 1999),
which is a modified version of an existing soundingket. The
normal force results obtained for the Sonda lll4Ader the present
effort are being used for actual design work withexperimental
verification.

1.5 -
Experimental and viscous numerical

pressure coefficient distributions for

the VLS at freestream Mach number 3.00
and at angle of attack of o = 4 deg.
Numerical Leeside

----- Numerical Windside

---+-- Experimental Leeside

--X--- Experimental Windside

10

-1.0 L 1 L 1 " 1 " 1 L 1 " ]
0,00 0,05 0,10 0,15 0,20 0,25 0,30
x/L
Figure 5. Numerical Cp distribuitions compared to experimental data for

the VLS central body at @ = 4 deg. and M,, = 3.00. Reynolds number is 30
million.

VL SResults

In this section, the running normal force coefifitidistributions
for the flow over the VLS second stage flight cdiwdi at

freestream Mach numbeid, = 0.90, 1.25, 2.00 and 3.00, and
angles of attacky = 2 and 4 deg. are presented. For all superson -1

cases, the freestream Reynolds numb&es 30 million whereas,

E. D. V. Bigarella et al

experimental data. This difference in the normatdocoefficient
distribution can be as large as 25% at some lodigi&l stations
along the VLS central body. Since these differenca®

considerably larger in this case, additional nuo@rstudies have
already been carried out in other recent efforts.hds been
concluded, as presented in Bigarella (2002), these differences
are due to experimental result uncertainties, wiaiehconsiderably
large in this flow case, as discussed in that work.

4

2bal

b

— Numerical ¢ =2 deg.

-- Numerical &t =4 deg.
oo Experimental o0 =2deg.
& Experimental o =4 deg.| —

)
&
=
=
Y i
9
2 -
- A 1
A
4 L I L I . I L
0 0.1 0.2 0.3 04
x/L
Figure 6. Running normal force coefficients obtained with the viscous

formulation compared to experimental data for the VLS central body at
Mw = 1.25, Re = 30 million and at two different angles of attack.

4 T T T

— Numerical ¢ =2 deg.

-- Numerical & =4 deg.
oo Experimenml ¢ =2 deg.
& a Experimental & =4 deg.

=]
T

dCn/d(x/L)

0 0.1 0.4

fOI t.he f[ransomc case, it iRe = 25 million. The normal force Figure 7. Running normal force coefficients obtained with the viscous
distribution,dCy/dx for the VLS central body at a freestream Machormulation compared to experimental data for the VLS central body at
number M, = 1.25 is seen in Fig. 6. This figure presents th&.=2.00, Re =30 million and at two different angles of attack.

computational results compared to the experimetdh for two

different angles of attack, namedy= 2 and 4 deg. Numerical and

experimental curves are qualitatively alike, exciptthe boattail
region. As previously mentioned, aerodynamics iis ttegion is
very dependent on turbulent flow phenomena, suclbaasidary
layer separation due to adverse pressure gradightirderactions
between shock wave and boundary layer. Hence ekpected that
the level of approximation of the governing equadiaised in this
work is not able to correctly simulate the exacwfl behavior.
Figure 7 shows similar results for the VLS at higlfieestream
Mach numbers. Flight conditions considered weredmeam Mach

Running normal loads were also calculated for tekicle at
freestream Mach numbet., = 3.00 and at the same angles of attack
as in the previous cases. One can see a compabistmeen
numerical and experimental results in Fig. 8. Tdase has stronger
shock waves present in the flow and, hence, itn®ee challenging
test case for the numerical code. One can obskoweever, that the
trends of the running normal load coefficient disitions are well
captured by the code.

Another highly demanding test case is a transofightf
condition. Running normal force loads were obtaiftedhe VLS at

numberM,, = 2.00 and angles of attack= 2 and 4 deg. One can freestream Mach numbéf,, = 0.90 and angles of attack= 2 and 4

verify that experimental and numerical curves artalitptively

deg. Numerical and experimental results for thiswusation are

similar to each other. However, in this case, ftdssible to observe presented in Fig. 9. In this case, a strong shankevibuilds up over

that there is a larger difference between comprtati and

294 / Vol. XXVI, No. 3, July-September 2004

the payload fairing region and it is not attachedahy geometric
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discontinuity. Large differences between computetio and

experimental data can be observed in Fig. 9. Bhémother example
of the influence of the boundary layer-shock waweraction in the
flow configuration. Preliminary turbulent resultsn terms of

pressure coefficient distributions, are alreadyilaée for this flow

condition and show much better agreement with exyeital data
(Bigarelli and Azevedo, 2002).

— Numerical o0 =2 deg.
; ---- Numerical o =4 deg.
o--o Experimental ¢ =2 deg. h
a-a Experimental o0 =4 deg.

=]
T

dCn/dix/L)

03
x/L

Figure 8. Running normal force coefficients obtained with the viscous
formulation compared to experimental data for the VLS central body at
M, = 3.00, Re =30 million, and at two different angles of attack.

dC/d(x/L)

—— Numerical &0 =2 deg.
-- Numerical o =4 deg.
oo Experimental & =2 deg.

a--a Experimental & =4 deg.

03
x/L

Figure 9. Running normal force coefficients obtained with the viscous
formulation compared to experimental data for the VLS central body at
M, =0.90, Re = 25 million, and at two different angles of attack.

The running normal force coefficient slope is ohea as the

slope ofdCy/dx vs. a at a given crossflow plane. Since this work

deals with small angles of attack, the slope fagiven section is
approximated by the slope of the best linear-fiveuthroughout the
set of three points, one point for each angle tdcét Figure 10
presents numerical and experimental results coimagthe running
normal force coefficient slopes over the VLS centldy.

Freestream Mach numbers considered wdre= 1.25, 2.00 and
3.00. It can be observed in this figure that bothmarical and
experimental curves are qualitatively alike. Thehavior is to be
expected since these normal force slopes are defioen the same
normal force coefficients already presented here tfe VLS

configuration. Furthermore, the good agreement meseforM,, =

2.00 is a good indication that the numerical cosleapturing the
correct trends in the vehicle normal load slopegnethough the

J. of the Braz. Soc. of Mech. Sci. & Eng.

agreement of the actual running loads for this Masimber was not
good, as indicated in Fig. 7.

1 T T T T
I

” . — Numerical M = 1.25
Fal .n;?g ---- Numerical M = 2.00 1
== Numerical M = 3.00
o—o Experimental M = 1.25
a--a Experimental M = 2.00
«-+ Experimental M = 3.00

0.5 !l

dCna/d(x/L)
o

0.2 03 0.4

x/L

Figure 10. Numerical and experimental normal force coefficient slopes for
the VLS at freestream Mach numbers M, = 1.25, 2.00 and 3.00.

Table 1. Numerical and experimental integrated normal force coefficients,
Cy, and normal force coefficient slopes, Cyq, for the VLS central body.

Copyright 0 2004 by ABCM

CN CNa
M., a =2 deg. a =4 deg. (1/deg.)
Num. Exp. Num. Exp. Num Exp
1.25 | 0.0880| 0.0937 0.1782 0.1928 0.0430 0.0467
2.0 0.1075| 0.1424 0.2216 0.26%2 0.0554 0.0607
3.0 0.1189| 0.1321 0.2478 0.2793 0.0618 0.0710

The running normal force coefficient distributioran be
integrated along the vehicle wall, resulting in theegrated normal
force coefficient. This information is importantttee design process
as well as the running normal force distributionable 1 presents
numerical and experimental integrated normal focoefficients.
Obviously, a zero angle-of-attack condition yiet#so normal force
coefficients due to the flow symmetry. It can besatved that
numerical values are smaller than the experimamtak. One can
verify that the differences are usually of the ordé10% for the
majority of the cases analysed. Nevertheless, rasdy discussed,
the results for freestream Mach numibég = 2.00 have a poorer
correlation. Discrepancies for this Mach numberafréhe order of
25% for thea = 2 deg. case and 17% for tihe= 4 deg. case. It
should be observed that errors of about 10% cateingr be
considered within the limitations of the level gipsoximation of
the formulation here adopted.

Sonda | 11-A Results

In a very similar way as described for the VLS ¢alse running
normal force coefficients over the Sonda llI-A waiso calculated.
The running normal force coefficient distributiongre integrated
along the vehicle wall, resulting in the integratedrmal force
coefficient. Table 2 presents the numerical intesgtanormal force
coefficients. As stated before, the zero angletiaiek flight
condition yields zero normal force coefficients,edto the flow
symmetry.

July-September 2004, Vol. XXVI, No. 3/ 295



Table 2. Integrated normal force coefficients,
coefficient slopes, Cnq for the Sonda IlI-A.

Cy, and normal force

Cn
Mp‘y CNa
a =2 deg. a =4 deg.
1.25 0.0886 0.1775 0.0444
2.00 0.0875 0.1856 0.0464
3.00 0.0906 0.1974 0.0494

It is important to emphasize that the work thattiedhe present
paper has been originated from an actual need dhirobg
aerodynamic data for the Sonda IlI-A configuratidtence, the
analysis of the VLS configuration was used to ajgbnfidence
on the simulation capability available and to eishlbounds on the
errors, with regard to experimental data, thatwoald incur by the
use of this level of formulation. Therefore, then8a IlI-A analysis
was meant to generate actual engineering datavdused for the
vehicle design, employing the simulation capabiitsailable in the
CFD group at the time.

Concluding Remarks
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