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Numerical Study of Turbulent Flows over Launch
Vehicle Configurations
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Turbulent flow simulations aimed at improving the capability of representing launch-vehicle aerodynamics are
presented. A three-dimensional finite difference numerical code, written for general, curvilinear, body-conforming
coordinate systems, is used. Simulations of turbulent flows over a flat plate are compared to theoretical and empirical
results in order to assess the correctness of the implementation of the formulation. Transonic and supersonic
turbulent flows are then simulated over the Brazilian satellite launch-vehicle configuration. Two eddy viscosity
turbulence models are chosen for this numerical method, considering single- and two-equation closures. These two
closures, namely, the Spalart—Allmaras single-equation model and Menter’s shear-stress-transport two-equation
model, have been natively developed for aerospace applications. In general, good results within engineering error

margins are obtained with the method presented here.

Nomenclature

= speed of sound

pressure coefficient

artificial dissipation term

inviscid flux vectors

viscous flux vectors

total energy per unit volume
internal energy

= source term of the multigrid method
Jacobian of the coordinate transformation
turbulent kinetic energy

Prandtl number

static pressure

vector of conserved properties

= heat-flux vector

Reynolds number

right-hand-side operator
strain-rate tensor

constant of the Sutherland law
static temperature

contravariant velocity components
Cartesian velocity components
Cartesian coordinates

angle of attack

Runge—Kutta control parameters
ratio of specific heats

time step

dynamic viscosity coefficient
kinematic viscosity coefficient
modified eddy viscosity coefficient
general curvilinear coordinates

hS]
1l

QY
1l

5
I

juniaY
|9}
L R A

NI IVROT TFT =D S WL AL
~
1l

<
S
I

bl

R R =
Lowe
g V&
wn

[ T T

T B>
1]

SIS
=
e
[ |

Presented as Paper 2003-0602 at the AIAA 41st Aerospace Sciences Meet-
ing, Reno, NV, 6-9 January 2003; received 5 December 2003; revision re-
ceived 22 March 2004; accepted for publication 29 March 2004. Copyright
© 2004 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. Copies of this paper may be made for personal or internal
use, on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0022-4650/05 $10.00 in correspondence with the CCC.

*Ph.D. Student, Department of Aerodynamics, Division of Aeronautical
Engineering, CTA/ITA/IEAA; enda_bigarella@yahoo.it.

TSenior Research Engineer, Space System Division, Instituto de
Aerondutica e Espaco, CTA/IAE/ASE-N; azevedo@iae.cta.br. Senior
Member AIAA.

266

0 = density

T = viscous stress tensor

Q = rotation tensor

w = turbulent dissipation

Subscripts

i,j,k grid node coordinates

l = laminar property

m = current grid of the multigrid method
t = turbulent property

00 = freestream property

Superscripts
n
* =

time instant
dimensional property

Introduction

AUNCH vehicles are typically designed to fly at very low an-
gles of attack. Nevertheless, even at such flight conditions the
lateral loads that arise in these vehicles are quite large, and they must
be accurately determined. Therefore, during the design process, one
is required to determine the aerodynamics of these vehicles at angle
of attack because this provides the loads required for the structural
design of the vehicle as well as the flight dynamics stability charac-
teristics necessary for the control system design. Previous work' =3 at
Instituto de Aerondutica e Espaco (IAE) has presented axisymmet-
ric viscous simulations for flows over the Brazilian satellite launch
vehicle (VLS) with very good representation of the aerodynamics.
Moreover, three-dimensional inviscid computations over the VLS
at low angles of attack with good agreement with experimental data
were also performed.* This earlier work, however, considered fairly
simple three-dimensional geometries, and mesh refinement was less
than adequate because of computational resource limitations.
Further development in the computational resources in the coun-
try in the 1990s made possible the simulation of more realistic flows,
and, thus, axisymmetric turbulent flows and three-dimensional lam-
inar viscous flow simulations could be performed with adequate
mesh refinement. Furthermore, axisymmetric meshes could be made
refined enough to capture the dependency of the formulation with
the Reynolds number.> The results presented in that work showed
the influence of the turbulence modeling in the flow topology. Ref-
erence 6 has shown three-dimensional results over general-launch-
vehicle configurations. The calculations emphasized that a laminar
viscous formulation could not correctly capture some of the flow
phenomena that might occur in the simulations of interest at IAE.
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Obviously, this is what one should expect because the Reynolds
numbers of interest are of the order of 10”. Clearly, phenomena
such as flow separation caused by adverse pressure gradients and
shock-wave boundary-layer interactions are poorly represented by a
laminar formulation at such high Reynolds numbers. Nevertheless,
these phenomena play an important role in the flows over launch
vehicles, and, therefore, they should be adequately simulated.

The present work is aimed at addressing the implementation and
validation of turbulent closures for a finite difference computational
tool under development at IAE.” Hence, numerical results for the
subsonic turbulent flow over a flat plate are compared to known data
in the literature in order to assess the correctness of the turbulent for-
mulation added to the code. Furthermore, the computational code is
used to simulate three-dimensional transonic and supersonic flows
about the VLS. This vehicle is a four-stage satellite launcher built
with four boosters attached to the main body. Because experimental
data are available for this configuration, the numerical results are
compared to them such that the code effectiveness in the solution
of realistic aerospace configuration flows can be assessed. More
details on the experimental results for the VLS configuration, ob-
tained through extensive wind-tunnel tests, can be found in Ref. 8. In
the present work, computations were performed considering only
the vehicle central body. The solver used is a three-dimensional
finite difference code written for general, body-conforming, curvi-
linear coordinate systems, and it solves the compressible Reynolds-
averaged Navier—Stokes equations.

Theoretical Formulation

The numerical code solves the dimensionless three dimensional,
compressible Reynolds-averaged Navier—Stokes (RANS) equa-
tions. These equations can be written in strong conservation-law
form for general, body-conforming, curvilinear coordinates® as
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where the vector of conserved quantities Q is defined as
Q=J""p pu pv pw e]" )

The inviscid flux vectors E, F, and G and the viscous flux vectors

E,, F,, and G, can be written as
pC
puC + py,
pvC + pi, 3)
pwC + pyr.
(e+ p)C — py,

0
= YaTox + Yy Ty + ViTaz
Ay = Re VaToy + U3 Ty + YTy 4)
YiTe: + Wyfyz + .7
VB + Uy By + V2B

A=J"!

where A=E,F,orG; A, :EU,FU,orGU; Y =& n,or¢;andC =U,
V, or W, respectively. The contravariant velocity components U, V,
and W are defined as

U= Et +§\u +‘§yv +$zw
V=n+nu+nv+nw
W=+ Gu+iv+Gw (%)

Throughout this work, the curvilinear coordinate system is defined
such that & is the rocket longitudinal direction, positive downstream,
n is the wall-normal direction, and ¢ is the circumferential direction.
Expressions for the Jacobian of the transformation J and for the
various metric terms can be found in Ref. 9. All of the equations were

implemented in dimensionless form, and the reference conditions
used in this work are also identical to those indicated in Ref. 9.
The stress tensor terms in Eq. (4) are given as

(e + 1) ou; " ou; 2 Bum(s ©)
Tj = -3 ij
P T RN Gy T ax ) T 3w,

u; = (u, v, w) @)

where
X = (.X, y7 Z)s

represent the Cartesian coordinates and the Cartesian velocity com-
ponents, respectively. The heat-flux vector components are defined

as
Me Mt de;
Y Pl Wi 8
4 y(Pr + Pr,)axj ®
where ¢; is defined as a function of the dimensionless temperature
as

e=T/y(y =1 ©))
The equation of state is given in its dimensionless form as
p=—Dle— oW+ +w?] (10)
Variables f,, B,, and . are defined as
Bi = Tijuj —dqi (11)

The variation of the dynamic viscosity coefficient with the temper-
ature is given by the Sutherland equation as

e =T3(1+8)/(T +8)] (12)

where § =110/TZ and T is the dimensional reference temperature
in degrees Kelvin.

The Reynolds number, based on the freestream speed of sound
doo, density poo, Viscosity pe.,, and vehicle diameter D, is given
as Re = poodoo D/ [Lo o, As One can observe in the formulation pre-
sented earlier, the Boussinesq hypothesis is used in this work in order
to include the turbulent effects in the formulation. Thus, the dynamic
viscosity coefficient ; can be written as u = w, + ., where p, is
the laminar viscosity coefficient and p, is the eddy viscosity coef-
ficient, obtained through the chosen turbulence models.

Numerical Implementation

The governing equations are discretized in a finite difference con-
text. The adopted spatial discretization uses a central difference al-
gorithm plus explicitly added artificial dissipation terms. Such terms
are included in the formulation in order to control nonlinear insta-
bilities. The equations, fully discretized in space, can be written as

30
at ”
i,jk
The right-hand-side (RHS) operator of Eq. (13) is defined as
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where A£ =An=A¢ =1 for the general curvilinear coordinate
case. The artificial dissipation is represented by the d terms in
Eq. (14). An anisotropic, scalar artificial dissipation method, as de-
scribed in Ref. 10, is used. This scheme is nonlinear and allows a
selection between artificial dissipation terms of second and fourth
differences, which is very important for capturing shock waves in
the flow.

The time-marching procedure uses an explicit, second-order, five-
stage Runge—Kutta scheme, derived from the ideas presented in
Ref. 11, which can be written as

0 A
Qi,j,k = ;q,j.k
213} A (0) -1 An+1 218
Qijx =0 — el RHS; 0! =0 (15
where £ =1, 2, ..., 5. Numerical values for the oy, parameters can

be found in Ref. 12. In the preceding expressions, Az stands for the
time step, and n and n 4 1 refer to the property values at the start
and at the end of each time step.

Convergence Acceleration Techniques

Equation (15) indicates that a local time-step option is being used
in order to accelerate convergence to steady-state calculations. This
is done by means of the Courant—Friedrichs—Lewy (CFL) number
definition. Furthermore, an implicit residual smoothing technique,
as described in Ref. 13, is used to allow the use of larger CFL num-
bers. Furthermore, a multigrid algorithm of the full-approximation-
storage type is also considered. This method is based on exchanging
both solution and residue values between different grid levels.'*!
For the problem being solved, written in an operatorlike form,
Lq = f, the algorithm works as follows:

1) Presmoothing: execute n, iterations of the time-marching pro-
cedure at level Lo o = fo.

2) For gridsm=0to M —1,

a) Residue computing:

Fm = fm - Lmqm
b) Residue restriction:
T'my1 = R(rm)
¢) Solution restriction:
‘Lln +1 = R (qm)
d) RHS computation in the next coarser mesh:
St =Tmat + L1y 4y
e) Presmoothing: execute n; iterations of the time-marching
procedure inlevel m + 1, Ly v 1Gms1 = fs1-
3) Solve the problem for the coarsest grid, L yyqgu = fu, executing
ny, iterations.

4) For gridsm=M to 1,
a) Solution correction:

dm—-1=4m -1 — P(Qm _q,,,,)

b) Postsmoothing: execute n, iterations of the time-marching
procedure inlevel m — 1, Ly —1Gm—1 = fm—1-

In this algorithm, r represents the RHS operator, at time instant

n, augmented by a multigrid source term f, which represents the

residue information exchange between adjacent grid levels. More-
over, g represents the conserved variables at the same time instant
n. The subscript m denotes the operation for the mth grid level. The
number of grid levels of this process is M 41, where M is associated
with the coarsest grid level and O with the finest one. Operator R
represents the restriction of conserved properties and residues from
a grid level to the next coarser level, which is done by a nine-point
interpolation operator. Operator P interpolates from a grid level to
the next finer one by a trilinear interpolation.

The description made before starts with an approximation to the
solution on the finest grid. A V or a W cycle is used to reach the
coarsest grid and back again to the finest one in order to improve
the solution. This is an appropriate strategy if a good approximation
of the solution in this finest mesh is available. This is not normally
the case in the present work because the simulations start with the
freestream flow as the initial solution. For high-speed flows, such as
the ones usually simulated here, this can also represent a problem for
the iteration method because extremely high gradients are present
in the solution at the first initial iterations. To improve the multi-
grid algorithm as well as the computational method, the simulations
start at the coarsest grid level. Some iterations with the Runge—Kutta
time stepping are performed at this grid, and a high-order interpo-
lation is performed to the next finer grid. Some multigrid cycles
are, then, performed to improve the solution at this grid. This pro-
cedure is repeated successively until the finest grid is reached, with
a good initial guess to the solution. Multigrid cycles are, then, per-
formed on the finest mesh, using the algorithm previously defined,
until convergence is reached. This technique is usually denoted as
a full-multigrid method. Furthermore, viscous terms are computed
on every grid level, and a cheaper second-difference artificial dissi-
pation model can be used on the coarser grids to save computational
resources.

Turbulence Models

As already discussed, turbulence models based on the Boussinesq
hypothesis are chosen for this numerical code. Previous work® has
shown, in axisymmetric simulations, that advanced turbulence clo-
sures are required to correctly address the flow phenomena that can
occur about the geometries of interest for the group. Thus, a single-
and a two-equation turbulence model, which have originally been
designed for aerospace applications, are chosen for this work. The
turbulence equations of both models are solved in a loosely coupled
fashion with the Navier—Stokes system. An alternating-direction-
implicit (ADI) method, similar to a Beam and Warming scheme,'°
is chosen for the time stepping of the turbulence equations. Artifi-
cial viscosity is added to control nonlinear instabilities through an
upwind discretization of the advective terms of the turbulence equa-
tions. This approach is used for both right- and left-hand-side opera-
tors of the system. The upwind discretization chosen is a flux-vector
splitting-type approach similar to the Steger and Warming method. !’

Spalart-Allmaras (SA) Model

The chosen single-equation model is the one proposed in Ref. 18.
This model, rewritten for compressible flow and considering a gen-
eral, body-conforming coordinate system, is given in its dimension-
less form as

a_,: + 3(2’“—5’) =J"pcy SD
+J—l{i|:(l/«z+ﬂ)a—ai| +Cbza—ﬁ£}
oRe | 0x; 0x; 0x; 0xg
1 A
—J‘Epcwlfw(g) (16)

where x; has already been defined in Eq. (7), § = (§, n, ¢) are the
curvilinear coordinate system coordinates, and U; = (U, V, W) are
the contravariant velocity components.



BIGARELLA AND AZEVEDO 269

The variable solved for by this equation [i is defined as ,EL =J ',
where [t = pV. Variable ¥ relates to the eddy viscosity by

fa=x[(C+erd).  x=v/w A7

where v, is the laminar kinematic viscosity coefficient.
The production term S is given by

Joo=1=x/0+xfo) (18)

where S is the magnitude of the vorticity vector

1 314,- auj
S = 291'/'9,'/', Q,‘j = 5 ax- - 8_)(- (19)
J i

Ve = f)fvp

S =S+ 1/Re)([§/K*d) f,

and u; has already been defined in Eq. (7). Variable d represents the
distance to the closest wall. The wall damping function f,, is

L
1+ed ]° 6
fw = g|:7 B §=r+ sz(}’ =)
88+ cul
1

" Re Sk2d? 0

Boundary conditions are v = 0 at the wall and v =0.1v,,
at freestream boundaries. A zeroth-order extrapolation is cho-
sen for other boundaries. Initial conditions are the same as
the freestream values. The model constants are ¢, =0.1355,
o= %,chz =0.622,x =0.41,cy; =cp1/k + (1 +cpp) /o, =0.3,
Ccw3=2,and ¢,; =7.1.

Baseline/Shear-Stress-Transport Model

The chosen two-equation closure is the shear-stress-transport
model (SST) proposed in Ref. 19. This model is derived from both
the famous k—w (Ref. 20) and the standard k—e (Ref. 21) mod-
els. It solves some reported problems of the k—w closure regarding
freestream value dependency®? while keeping the better numerical
behavior of this model at the wall, when compared to k—e closures.
The SST model, rewritten for compressible flow and considering
a general, body-conforming coordinate system, can be given in its
dimensionless form as

aku;) I ;
* Dol p 1B pwk
oc T og, T Relr T P
I P ) ok @
Re 3 Me T U0k X,
o 3@U,) i
ai =7 —J
ot T ag o Brpe?
+rl e [T
S8 0.,) 2%
Re 3 o X;
1 ok 9
+T712(1 = F)pogy——— - (22)
® 0x; 0x;

The turbulent variables solved for by this set of transport equations
are given by
k=J"pk, @=J"pw (23)

The production term is given by

p ou; N duj \ du; 2 ([ du, : 2R kau,,
= —+t— )3 — =Re,

oy, T Jox, T 3\ o 3P 0,

Model constants are generally calculated as

¢ =Figr+ 1 —F)py (25)

where ¢ represents the set of constants for the k—w model and ¢,
the set for the standard k—e model. The following sets for ¢ in the
preceding equation are used:

o1 = 0.5, 6, = 0.5, Bi = 0.075
Vi :ﬂ,/ﬁ*—%l;{z/\/ﬁ (26)

o1, = 1.0, 6.y = 0.855, B> = 0.0828
Vio = Bof B* — 0uak® [/ B* @7)
B*=0.09, k =0.41 (28)

The F variable is a blending function that turns on the k—w closure
near walls and the standard k—e outside boundary layers. It is given
by

Fy = tanh (argY) (29)
i VEk o 5000, \  4poqk 30
arg; = min| max , ,
& 0.090d’ Rewd? )’ CDyd?
1 ok @
C Dy, = max | 2p0,, — —— 22 1020 G1)
w 3x; 9x;’

The eddy viscosity, for the SST model, is defined by

Reak
V= (32)
max (a w, F>Q2)

inside boundary layers, where €2 is the absolute value of the vorticity.
The F, variable is another blending function that turns this new
definition on inside boundary layers. It is defined as

F, = tanh (arg%) 33)

Vk 5000,
o — 34
e max( 0.09wd" Rewd? G4

For the baseline model (BSL), a simpler version of the SST model,
the eddy viscosity is defined as

v, = Re(k/w) (35)

Because a measure of the turbulent kinetic energy is used in this
model, it should be included in the total energy and in the viscous
terms of the RANS equations. Therefore, the static pressure is re-
defined as

p = =Dle— 30+’ +w?) — pk] (36)
and the internal energy, as
e =(e/p) — s +v* +w?) —k 37

The dimensionless components of the viscous stress tensor, given
in Eq. (6), are rewritten, for a Newtonian fluid, as

(e + 111) ou; n ou; 2 814,”(S 2R 5 38)
T = — + ij | — 7 Repkd;;
§= el ox;  0x; C 30x, 3 PR

Furthermore, a gradient of the kinetic turbulent energy must be
considered in the conservation of energy within the field. Hence,
the components 8, B, and B, are rewritten as

ok
Bi = wju; —qi+ri, ri = (ue +O-k1/14t)§ (39)

The following set of freestream conditions is chosen:
W = 10(Moo/L), Voo = 107 g

koo = (1/Re€)V; o0 (40)
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where L is the approximate length of the computational domain.
Wall boundary conditions considered are

k=0, ® = 60(1/Re)[ v / i (Ay1)’] (41)
where Ay is the distance to the wall of the closest point away from
it. Zeroth-order extrapolation is performed at other boundaries.

Boundary Conditions and Computational Grids

For the configurations of interest here, the types of boundary
conditions that should be considered include upstream (entrance),
solid-wall, far-field, symmetry, upstream centerline, and down-
stream (exit) conditions. For the wall, the velocity vector is set to
zero, and a zero-order extrapolation of the pressure and the den-
sity is performed. The rocket upstream centerline is a singularity of
the coordinate transformation, and, hence, an adequate treatment of
this boundary must be provided. In the present case, the approach
consists in extrapolating the property values from the adjacent lon-
gitudinal plane and in averaging the extrapolated values in the az-
imuthal direction in order to define the updated properties at the
upstream centerline. At the exit and entrance planes, the boundary
conditions are implemented through the use of the one-dimensional
characteristic relations for the three-dimensional Euler equations.
The interested reader is referred to Ref. 23 for further details on the
use of one-dimensional characteristic relations for boundary condi-
tion implementation. Far-field boundaries are treated with the use
of Riemann invariants>* in order to avoid numerical difficulties.

To reduce computational costs, the grids used in the numerical
simulations for the rocket configuration are generated for half a body
in the azimuthal direction. This simplification is valid for the cases
assessed in this work because low angles of attack are considered.
This condition implies a symmetric flow about the pitching plane.?
Hence, symmetry is applied in this pitching plane using two aux-
iliary planes. Those extra elements are added, respectively, before
the leeside and after the windside pitching planes. In the case of the
flat plate, spanwise symmetry boundary conditions are applied to
the two extreme planes.

Furthermore, to correctly simulate the complicated turbulence
dynamics that occur inside the boundary layers, a good mesh re-
finement in these regions is strongly recommended. In a straight-
forward practical way, the turbulent dimensionless parameter
y* should be kept around one. This parameter is defined as
yT=y./(Re/v)(du/dy), where y is the dimensionless distance
to the wall of the first mesh point away from it. This condition
is very important in turbulent simulations in order to preserve the
balance between turbulent production and destruction inside the
viscous sublayer. On the other hand, nevertheless, the robustness of
the chosen turbulent models in the present effort allows the user to
set this parameter at about three, which can save some important
computational resources. The resulting grid for the VLS main body
configuration, to which numerical results are mesh independent, has
161 x 89 x 21 points. A view of a longitudinal plane of this grid is
shown in Fig. 1. The final mesh for the flat plate configuration has
121 x 90 x 10 points. A view of a longitudinal plane of this grid is
also shown in Fig. 1. The flat-plate length comprises the last % part
of the total computational domain length. For the first % section,
symmetry boundary conditions are used.

Careful mesh-refinement studies of the present numerical method
for the cases of interest in this paper are discussed in detail in Ref. 15.
Various grid configurations for the VLS and the flat-plate cases
have been simulated in order to achieve mesh-independent results.
For the VLS case, meshes with 121 x 50 x 21, 161 x 89 x 21, and
201 x 101 x 21 points have been used. Mesh independence was
assessed through the comparison of pressure coefficient distribu-
tions. Similar study for the plate case has also been performed. In
this case, the turbulent boundary-layer velocity distribution profile
was the quantity used to assess mesh independence. Therefore, the
statement that the computational simulations presented in this work
are mesh independent is a result of the previously described mesh-
refinement study. In Ref. 15, the numerical accuracy of the present
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Fig. 1 Overall view of a plane from the computational grids used in

the simulations performed.
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Fig. 2 Turbulent boundary layers for a zero-pressure-gradient flat
plate. Reynolds number based on the plate length is Re, =1 x 10°.

computational code has been assessed using the method of manu-
factured solutions, as described in Ref. 26. The discussion in Ref. 15
also shows the low error levels that can be expected with the current
implementation.

Results and Discussion

In this section, the numerical results obtained with the formulation
just presented are compared to known data in order to verify the
correctness of the implementation and to assess the quality of the
results that can be obtained with the current computational tool.

Flat-Plate Results

Figure 2 presents zero-pressure-gradient flat-plate turbulent
boundary-layer profiles. One can observe in this figure the numer-
ical curves obtained with the turbulence closures discussed before,
namely, the single-equation SA and the two-equation BSL models.
The theoretical log-layer profile is also shown in this figure in order
to compare with the numerical results. The Reynolds number, based
on the plate length, is Re, = 1 x 10°. However, the results presented
in Fig. 2 are independent of this parameter. It can be clearly seen
in this figure that both numerical solutions compare very well with
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the theoretical solution. This theoretical curve is given by small cir-
cles representing the mesh spacing along the normal direction to the
wall. One can verify that the first grid point away from the wall has
y* & 0.4, which is, by far, fine enough to correctly simulate a turbu-
lent boundary layer with the closures discussed in this work. Small
differences can be found between the two models in the intermedi-
ate sublayer region. The BSL model estimates a smoother velocity
profile than that of the SA closure. However, both models estimate
very well the viscous and inertial sublayers as well as the external
layer. The results presented in Fig. 2 are indicative of the quality of
the data that can be obtained with this numerical formulation.

VLS Results

In this section, numerical results for transonic and supersonic
flows about the VLS second-stage flight configuration are presented.
The numerical results are compared to available experimental data,
obtained through numerous wind-tunnel tests,® in order to address
the capability of the numerical method implemented. The inviscid
and the laminar viscous formulation of the computational code pre-
sented here have already been extensively studied in previous work,
as can be seen in Ref. 7. In that paper, a large range of flow con-
ditions, such as transonic to supersonic speeds and various angles
of attack, has been simulated. As a general assessment, good re-
sults within engineering error margins could be obtained, except
for some flowfield regions where turbulence effects seemed to be
important.

Transonic Flight Condition

A transonic flight condition, with freestream Mach number
M = 0.90, angle of attack @ = 0 deg, and Re =25 x 10, is chosen
because of its physical complexity. In this flight condition, a strong

a) Experimental (schlieren)

b) Inviscid d) Turbulent (SA)

¢) Turbulent (BSL)

Fig. 3 Experimental schlieren photograph and numerical density gra-
dient contours over the VLS second-stage configuration at M, =0.90,
a =0 deg, and Re =25 x 10.

¢) Laminar

shock wave builds over the vehicle payload fairing, whereas other
flow regions are still transonic, as will be seen in the forthcom-
ing results. Besides the known mathematical complexity that this
flow condition might impose on the simulation, this strong shock
wave can interfere with the boundary layer in that region, interact-
ing with it in a very complicated fashion. Previous axisymmetric
results®?” showed that turbulence modeling is required to correctly
capture the flow configuration in this region. As will be seen, the
flow complexity is large enough to prevent the laminar formulation
from converging to a steady-state solution.

Figure 3 presents experimental schlieren photograph and nu-
merical density gradient contours over the VLS central body at
freestream Mach number M, = 0.90 and angle of attack @ = 0 deg.
Various approximations to the Navier—Stokes equations are consid-
ered in this case, including an inviscid, a laminar viscous, and two
turbulent approaches. For the latter computations, the SA and BSL
models are chosen. A less refined mesh than presented in Fig. 1
has been used in the inviscid simulation. One can see in Fig. 3 that
the inviscid and the turbulent results are qualitatively similar to the
experimental data. The presence of a strong shock wave that builds
over the vehicle payload fairing region is clear. One can also verify
that the laminar result is much different from the experimental one.
The laminar flow separates at the first expansion corner because of
the weakness of the laminar boundary layer at such a high Reynolds
number.

Figure 4 presents the numerical and experimental Cp wall dis-
tributions for the VLS at the described transonic flight condition.
This figure shows numerical results obtained with the approxima-
tions discussed earlier. The oscillatory and nonsymmetrical behav-
ior of the laminar result should be noted, which is indicative of the

1 T T T T

o
9]
-1
- - Leeside
......... — Windside

7 o Experimental

! . I . I . I . I !

0 1 2 3 4 5

x/d

a) Laminar

1 : T : . . .

— Euler

. ---- Turbulent (SA)

e “| .-~ Turbulent (BSL) ]
- o Experimental
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b) Others

Fig. 4 Experimental and numerical Cp distributions over the VLS
second-stage configuration at M., =0.90 and o =0 deg obtained with
various formulations. Re =25 x 10°.
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transient characteristic of the numerical solution. Furthermore, it
can be seen in Fig. 4 that the inviscid simulation presents over-
shoots at high gradient regions, such as the shock wave and sharp
corners along the geometry. This behavior is well known for this
formulation.*> It can also be seen that the turbulent simulations have
much better agreement with the experimental pressure distribution,
if compared to the inviscid computations. Furthermore, both turbu-
lence models perform in a very similar way in these simulations.

As already stated, the simulated computational model considers
only the vehicle main body configuration. One should observe that,
in the afterbody cylindrical section, all numerical results tend to
return to the freestream pressure values, that is, Cp =0. This is not
true for the experimental data, which present small but nonzero Cp
values in this region. This is clearly the influence of the VLS strap-on
boosters, which are not included in the numerical simulations, but
they are present in the wind-tunnel model. The aspects that concern
the influence of the boosters can be addressed only with a multi-
block capability in order to include the complete configuration in
the computational model. Preliminary results with a laminar viscous
formulation and a multiblock capability have already been obtained,
as can be seen in Refs. 28 and 29.

Another important aspect that should be emphasized with regard
to the turbulence modeling is the increase in the computational re-
sources necessary to address the new equations added to the formula-
tion. A simulation of a laminar flow costs 25% more than an inviscid
one, whereas the same simulation with a single- and a two-equation
turbulence model costs, respectively, 45 and 50% more than the lam-
inar computations. Added to this is the fact that, as already stated,
a turbulent simulation requires more refined and/or stretched grids
in order to satisfy the y* = 1 condition for the first grid point away

— Euler
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r“}:\/‘ ---- Turbulent (SA) | —

=== Turbulent (BSL)|
v\‘v\? ""\
2 2

=

L | L | L |
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| . |
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a) Continuity equation

6 . | . : ; | .

log RHSt max

|
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|
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|
20000

b) Turbulence equation

Fig. 5 Maximum residue histories for the numerical simulations over
the VLS second-stage configuration at M., =0.90, aa=0 deg, and
Re=25 x 10°.

from the wall. The additional grid refinement increases the stiffness
of the problem leading to lower convergence rates to the code, as
one can observe in the residue histories presented in Fig. 5. In this
figure the inviscid simulation, with a less refined and stretched grid,
converges much faster then the turbulent cases. The separated flow,
in the laminar simulation, has an unsteady behavior, and it keeps the
computations from converging to a steady-state solution.

One can also observe in Fig. 5 residue histories for the turbulence-
model equations. In the case of the SA model, the eddy viscos-
ity variable [t is plotted, whereas, for the SST model, the turbulent
kinetic energy variable k is chosen. It can be seen in Fig. 5 that the
turbulent equations converge when the governing equations con-
verge to a steady-state solution. This is a good indication that, for
typical CFL numbers that can be used with the explicit numerical
method presented here, the ADI time-marching procedure of the
turbulence equations, together with the upwind discretization of the
advective terms of this system, is sufficient to control nonlinear in-
stabilities arising in these equations. In other words, the turbulence
equations do not spoil the convergence of the governing equations,
which results in a more robust numerical tool for the applications
of interest.

Mach-number contours for the VLS at angle of attack « =4 deg,
M, =0.90, and Re =25 x 10° are presented in Fig. 6. The SST
turbulence model has been used for such simulation. A further quan-
titative comparison of such simulation case can be found in Fig. 7.
In this figure, numerical Cp distributions for the vehicle leeside-
and windside are compared to the respective experimental results.
One can clearly observe in this figure very good approximation
between numerical and experimental results. The numerical code

Fig. 6 Mach-number contours over the VLS second-stage configura-
tion at M, =0.90, o =4 deg, and Re =25 X 106,
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Fig. 7 Experimental and numerical Cp distributions over the VLS
second-stage configuration at M, =0.90, o =4 deg, and Re =25 x 10°.
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along with the SST turbulence model successfully captures the in-
teraction between the strong shock wave that builds up over the
payload fairing region and the boundary layer, which results in the
good agreement observed in Fig. 7. Velocity profiles and turbu-
lent eddy viscosity contours at the region where the shock wave
impinges on the boundary layer, in the vehicle payload fairing lee-
side, are presented in Fig. 8. One should observe the large velocity
reduction produced by the shock wave in that region. The eddy vis-

Fig. 8 Eddy viscosity contours and velocity profiles over the VLS pay-
load fairing region, at M, =0.90 and o =4 deg (Re =25 x 10°).
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Fig. 9 Mach-number contours over the VLS at M, =125 and
a=4deg (Re=22.4 x 10%).

cosity, nevertheless, is computed in a suitable amount by the SST
model to keep the flow attached through the shock wave, as seen
in Fig. 8.

Supersonic Flight Condition

Turbulent flows with M, = 1.25 and o« =4 deg about the VLS
second-stage flight configuration are considered. The Reynolds
number associated with this flow is Re =22.4 x 10°. This test case
is intended to address the behavior of the SA and SST turbulence
models in adverse pressure gradient regions. Mach-number con-
tours obtained with the simulations with the turbulence models can
be found in Fig. 9. All turbulence models capture well the posi-
tion of the detached shock wave near the vehicle nose, as well
as the expansion waves in the expansion corners of the geometry.
An unfavorable pressure gradient, together with a shock wave, is
found in the compression corner in the boattail-cylinder junction.
This is a complicated region for the simulation because shock-wave
boundary-layer interference surely occurs, dictating the local flow
configuration. In this region, different behavior can be observed be-
tween the considered turbulence models, as shown in Fig. 10. In this
figure, dimensionless eddy viscosity contours and velocity profiles
are plotted. One can observe in Fig. 10 that the SST model computes
lower values of eddy viscosity upstream from the compression cor-
ner, which yields lower velocities in this region than obtained with
the SA model.

A quantitative analysis is also presented in Fig. 11. In this fig-
ure, Cp distributions over the VLS wall at the pitching plane are

b) SST

Fig. 10 Eddy viscosity contours and velocity profiles over the
VLS boattail-cylinder junction region, at M., =125 and aa=4 deg
(Re=22.4 x 10%).
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compared to available experimental data. As one can see in this
figure, all turbulence models have similar and very good behavior
in predicting the correct trends in the Cp distribution when com-
pared to the experimental data, except in the compression corner
at the vehicle leeside. A close view of this region is presented in
Fig. 12. Both models have slightly different behavior, which is inti-
mately associated with the differences observed in the eddy viscosity
computation. The higher viscosity field computed by the SA model
results in much stronger turbulent boundary layers, which are stiffer
to the local adverse pressure gradient. The SST, however, computes

L5 : . . . : I .

o leeside - experimental

+  windside - experimental
leeside - numerical

---- windside - numerical

L5 . . ‘ .

o leeside - experimental
+  windside - experimental
leeside - numerical
---- windside - numerical

=
w
EN
o)

0 1
x/d
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Fig. 11 Wall Cp distributions over the VLS at M, =1.25 and o =4 deg
(Re=22.4 x 10%).
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Fig. 12 Comparison of Cp distributions obtained with the SA and SST
models at the boattail-cylinder junction for the VLS at M, =1.25 and
a =4 deg (Re=22.4 x 10°),

lower turbulence levels in this region, resulting in weaker boundary
layers, that are more sensitive to the local adverse pressure gra-
dient. Nevertheless, the comparison with the experimental results
shows, as seen in Fig. 12, that this behavior of the SST model is
insufficient to correctly predict the experimentally observed slower
recompression.

In Fig. 13, one can observe the y* distribution along the vehicle
wall at the leeside and windside. One can observe in this figure that,

L leeside 4
ndside

x/d

x/d
b) SST

Fig. 13 Distribution of y* along the VLS at M, =1.25 and a=4 deg
(Re=22.4 x 10°).

Fig. 14 Mach-number contours over the VLS second-stage configura-
tion at M, =3.00, o =4 deg, and Re =29 x 10°.
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Fig. 15 Experimental and numerical Cp distributions over the VLS
second-stage configuration at M, =3.00, o =4 deg, and Re =29 x 10°.

despite the slight differences among each turbulence model, both
kept this quantity around approximately two for both leeside and
windside planes. This is enough for a correct behavior of the chosen
turbulence models.

A higher Mach-number condition, namely, M, = 3.00, and angle
of attack o =4 deg, is also considered. The Reynolds number for
this flight condition is Re =29 x 10°, and the SST turbulence model
has been used in the simulation. Mach-number contours for this
flow case can be found in Fig. 14. Numerical Cp distributions for
the vehicle leeside and windside are compared to the respective
experimental results in Fig. 15. Very good approximation between
numerical and experimental results can be observed for this more
demanding flight condition.

Conclusions

This work presents the assessment of the newly implemented
turbulent three-dimensional flow solver capability at IAE. This nu-
merical tool is aimed at solving three-dimensional flows over com-
plex aerospace configurations at angle of attack to determine im-
portant aerodynamic loads required at the design stage. Previous
results showed the need for incorporating robust turbulent closures
to the computational code in order to correctly address the transonic
and supersonic flows about such complex geometries. A computa-
tional code that solves the compressible Reynolds-averaged Navier—
Stokes equations for general, body-conforming, curvilinear coordi-
nates is used. The Spalart—Allmaras single-equation model and the
Menter BSL/SST two-equation turbulence closure have been imple-
mented into the code in order to include the turbulent influence into
the governing equations. The numerical code is used to simulate the
subsonic flow about a flat plate and transonic and supersonic flows
about the VLS central body configuration.

The verification analyses involve the comparison of zero-
pressure-gradient flat-plate turbulent boundary layers with the the-
oretical log-layer law. Very good agreement between the numerical
and the theoretical results is obtained. The numerical results for the
simulation of the VLS are, then, compared to experimental data
in order to further assess the quality of the computational tool. In
general, good results are obtained, which show the capability of this
code to adequately address the flows of interest at IAE. Nevertheless,
the results have shown that the prediction of recompression regions
could be further improved, indicating the need for more advanced
turbulence closures to correctly capture such phenomena.

An analysis of the computational resources necessary to sim-
ulate the turbulent flows shows that one turbulent iteration costs
about twice that of an inviscid step for a given problem. Further-
more, the condition of satisfying y™ = 1 for the first point away from
the wall yields more stretched and refined computational meshes.
Convergence is accelerated with variable time step, implicit resid-
val smoothing, and multigrid techniques. The use of multigrid and
implicit residual smoothing techniques can result in convergence

rates that are about twice as fast as the ones obtained with the vari-
able time-step option alone. The results presented here are a good
indication of the level of accuracy that can be attained with the
computational tool.
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