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Abstract

The flow field analysis over various reentry configurationsis studied numerically by solving
time-dependent compressible Euler equations. The governing fluid flow equations ar e discret-
ized in spatial coordinates employing a finite volume approach, which reduces the equations
to semi-discretized ordinary differential equations. Temporal integration is performed using
multi-stage Runge-Kutta time stepping scheme. A local time step is used to achieve steady
state solution. The numerical computation is carried out for freestream Mach number of 10.0
and angle of attack of 10.0 degree. The flow features around the blunt body are characterized
by a bow shock wave, expansion wave and base flow region. The numerical scheme captures
all theflow field featureswell. Comparisons of the flow field and surface pressure distribution
results are made between different configurations of the blunt body capsules such as ARD
(ESA' s Atmospheric Reentry Demonstrator), Apollo I, MUSES-C, OREX (Orbital Reentry
Experiments) with and without shoulder curvature and spherically blunted cone with flare
angle of 30 and 35 degree. Theinviscid analysistakesinto consideration centrifugal forceand
expansion fan at the shoulder of the reentry capsules. The effects of the capsule geometry on
the flow field may be useful for optimization of the reentry capsule. The Newtonian flow
assumptions are used to calculate forebody aerodynamic drag for various blunt- bodies in
conjunction with the NISA software. A comparison between CFD and the Newtonian flow
assumptions for various reentry modules are made, and comparison shows an agreement

between them.

Introduction

A high-speed flow past a blunt body generates a bow
shock wave, which causes a rather high surface pressure,
and as aresult the devel opment of high aerodynamic drag
which is needed for aerobraking. Blunt body has been
proposed as an efficient way to decel erating spacecraft for
space research. Most current aerobrake designs feature a
blunt fore body shielding the payload fromtheintense heat
generated during atmospheric re-entry. The features of
flow field over the blunt body capsule can be delineated
through the experimental investigations at high speeds
that can be described by following and also depicted in
Fig. 1. Intheforebody regionthefluid rapidly decelerates
through the bow shock wave, which causes high pressure,
temperature and density depending upon the speed and
atitude of the returning capsule. At the shoulder, the flow
turns and expands rapidly, and boundary layer detaches,
forming afree shear layer that separatesthe inner recircu-

lating region behind the base flow from the outer flow
field. The latter is recompressed and turned back to free
stream direction, first by the so-caled dip flow, and
further downstream by recompression shock. At the end
of therecirculation past the neck, the shear layer devel ops
inthewaketrail. A complex inviscid wave structure often
includesalip shock (associateswith the comer expansion)
and awake shock (adjacent to the shear layer confluence).
Thecorner expansion processisamodified Prandtl-Mayer
pattern distorted by the presence of the approaching
boundary layer. As the flow breaks away from the base
plane it is brought to the base pressure by a weak shock
wave known as the ‘lip shock’ downstream from the lip
shock the free shear layer begins to form. A free shear
layer (in contrast to a boundary layer) is characterized by
nearly zero velocity derivatives (shear stresses) at each
edge of the layer. The bow shock wave is detached from
the blunt forebody and is having amixed subsonic-super-
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Fig.1 Representation of flow features on the blunt body at
supersonic speeds

sonic region between them. The surface pressure distribu-
tion, the location of the sonic line and the shock stand-off
distance on the spherical cap have been analytically cal-
culated at very high speeds with an adiabatic index near
to unity which givesasingular point at 60 degreefromthe
stagnation point. In contrast to the base pressure, the
relative low velocity adjacent to the base plane signifi-
cantly affectsthe level of base plane heat convection.

Recently, a large number of numerical simulations
[1-6] have been performed for aerobraking and blunt body
capsules. The Navier-Stokes computations of the near
wake reported by Allen and Cheng [4] regarding the
mechanism of separation confirm the observation of We-
inbaum [5]. Base drag represents the loss in recovery of
pressure over the base of the body. A summary of devel-
opments relating to base pressure predictionsis described
in the review paper of Lamb and Oberkampf [6]. A
COMET blunt body capsule is an axisymmetric design
with a spherical heat shield of 1.22 m radius. The frontal
diameter and area are 1.32 m and 1.37 m?, respectively
have been analysed using thin layer Navier-Stokes solver
LAURA [7]. The geometrical detail of MUSES-C blunt
body capsule is having nose radius of 50 mm, semi apex
angle 45 deg, maximum diameter 100 mm, body length
50 mm and base configuration with 45 deg truncated cone
[8]. A numerical simulation code has been used for super
orbital blunt body flow and has been applied to the flow
field prediction around the MUSES-C blunt body capsule

[9.
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Y amamoto et. al [10] carried out the single-degree-of-
freedom wind-tunnel test for the OREX blunt body cap-
sule and compared the result with the flight data
Numerical simulation of the OREX configuration has
been carried out by Yamamoto [11] using thin layer
Navier-Stokes solver. Tam [12] hasused LUSGS implicit
schemefor flow computation over the blunt body vehicle.
The double cone configuration consists of two-different
conehalf-angleswith an upstream 25 deg section followed
by adownstream section. The Beagle blunt body ishaving
60 deg half angle cone with a maximum diameter of 0.9
m. It has aspherically blunted nose of radius 0.417 m and
ashoulder radius of 0.029 m. The comer radiusfor Beagle
has been chosen to match the peak heat transfer at this
point with the peak stagnation point heat transfer. The
back shell of Beagle isinclined to approximately 47 deg
tothe capsule saxisof symmetry. Marspathfinder vehicle
heating has been numerically computed [13] along with
fore body and wake flow structure during atmospheric
entry of the Mars pathfinder spacecraft [14] and [15]. The
CARINA capsule is an Apollo-Gemini like module. The
Apollo fore body is a truncated sphere with rounded
corners. A truncated spherical is attached to the base line
shape with a 0.195 deg cant angle measured from centre
line. The supersonic and hypersonic laminar flow over a
slender cone has been numerically calculated by Tai and
Kao [16]. In many cases geometrical simplifications of
configurations used for Computational Fluid Dynamics
evaluation introduces errors in aerodynamic quantities
comparablethan thosearising from numerical accuracy or
lack of physical modeling of the respective code[16].

In the present work, numerical studies were under-
taken for afreestream Mach number of 10.0 and angle of
attack of 10 degree to solve three-dimensional compress-
ible unsteady Euler equations. The numerical simulation
is carried out employing three-stage Runge-Kutta time-
stepping scheme. The numerical scheme is second order
accurate in space and time. A local time stepping is used
to achieve steady state solution. The Newtonian flow
assumptions are used to calculate fore body aerodynamic
drag for various blunt- bodies in conjunction with the
NISA software. The objective of the present study is to
compare the fore body aerodynamic drag coefficient of
the CFD and the Newtonian flow assumptions for differ-
ent blunt body configurations that will be helpful for
preliminary design of the reentry capsules. The present
work also includes the characterize the computational
aspects of the problem, to compare the aerodynamic drag
and to gain insight into flow field structure.
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Governing Equations

Thetime-dependent compressible Euler equations are
written as

6—U+6—F+&+ﬂ:0 @
ot 0 X y 0z

where
P ] pu |
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U=|pv|.F=|puv ;
pwW puw
pe| [ (pe+p)uj
[pv 1 [ew |
p uv puw
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aretheU state vector conserved quantitieswith p, u, v, w
and e denoting the density, Cartesian velocity compo-
nents, and the specific total internal energy, respectively,
and inviscid flux vectors, F, G and H in the Cartesian
coordinate. With the ideal gas assumption, the pressure
and total enthalpy can be expressed as

1 2 2 2
=3 @

pe (Y—1)+ 2p(u +V +W)

where vy is the ratio of specific heats. The ratio of the
specific heatsis calculated using Hansen table [17].

Finite Volume M ethod

Equation (1) can be written in theintegral form over a
finite volume fixed in time as

o >
atjQUdQ+jS(F+G+H)n ds=0 ®)

where Q is the arbitrary control volume with the closed
boundary 0Q and Sis the control surface, and n is the
outward normal facing unit vector. The state variables U
arevolume-averaged values. A finite volume cell is speci-
fied by eight comers, which are connected by straight
lines. The discrete values of the flow quantities are calcu-
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lated at the centre of the cell. The surface integral of Eq.
(3) over the convective part of the flux density tensor is
evaluated for each component cell using an arithmetic
average of the flux quantities at the vertices to determine
the values on each of the cell faces. Then, the resultant
convectiveinflow of mass, momentum, energy associated
with poaint (i, j, k) is computed by summing the contribu-
tions of the component cells. Any open-surface element
for agiven boundary hasaunique, effective surface vector
Sthat is independent of the shape of the surface. Thisis
because, by applying the divergencetheorem to aconstant
vector, theintegral of the outward-oriented surface normal
over a closed surface vanishes. Fig.2 shows hexahedral
cell inthe computational domain. For instance, thesurface
vector Sgg4g is independent of the choice of which parti-
tioning surface diagonal is used to define the cell volume
with vertices 1 to 8. Whether the four vertices are on a
plane or not, the surface vector is equa to one-haf the
cross product of its diagonal line segment. Given eight
arbitrary comer points prescribing ageneral hexahedral, a
simple way to define a shape whose volume can be pre-
cisely calculated isto partition each face into two planar
triangles. The volume is then dependent on which diago-
nal is used on each face. The volume is the dependent on
which diagonal is based on each face, since the diagonal
of four non-planar points do not intersect. Kordulla and
Vinokur method [18] had been used here to calculate cell
volume. A system of ordinary differential equations can
be obtained by applying Eq. (3) to cells formed by six
surfaces as

ik at tQijk=0 )

Sas73

* (ij.k)

Siags

1 4
Fig.2 Ahexahedral cell
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where Q| K is the volume of the hexahedral cell, QI K is
the convectlve fluxes out of the cell. The summaruon of
theflux vectors over the six faces of the hexahedral cell is
done using the average flux on each face. The above
scheme reduces the centre differences scheme. It will
permit nodes with odd and even decoupling.

Artificial Dissipation

In order to prevent odd-even point decoupling and
oscillations near shock waves, and to obtain rapid conver-
gence to the steady state, artificial dissipative terms, D;
are added to the discrete Eq. (4). The artificial dissipation
model considered in this paper is based on the work of
Jameson, Schmidt, and Turkel [19]. A blend of fourth and
second differences is used to provide third-order back-
ground dissipation at shock waves, and is given by

D, = O, +D +D) U, (5)
and
Do Yiik= %2k ~ dicva ik ©)

The dissipation fluxes d i+1/2,jk € defined as a blend-
ing of first and third diferences

2 4 3
diioik= 2k A% Yijkteicrajk® XYij«
(7)
where A, isthe forward diference operator defined by
Axui,j, = UI+1J k Uifl,j,k ©)

Exactly similar termscan be constructed for Ay and A,.
The adoptive coefficients defined as

@ (2)

8i+1/2,j,k max(oll/ij’ ij,k’ I+ljk' |+2]k)
@ _ 2
€11/, = Max (O, - €iv1/2,),K) ©

are switched on or off by using the shock wave sensor
v, with

_ Pivt ik~ 2PijtPigk (10
pi+1,j k+2p| i, k+p| 1,j, k

Viik

VOL.60, No.1

In the present computation the values of @ and ¥
are constants, taken equal to 1/4 and 1/256, respectively.
Thedissipative operatorsiny and z directions are defined
in a similar manner. The blend of second and fourth
differences provides third-order background dissipation
in smooth regions of the flow and first-order dissipation
in shock waves.

Time-stepping Scheme

Theabove spatial discretization reducesthegoverning
flow equations to semidiscrete ordinary differential equa-
tions, temporal integration is performed using multi-stage
Runge-K utta time-stepping scheme[19]. Suppressing the
subscripts (i, j, k), the following steps are employed for
the numerical integration

L0 _ "
U _ u" - g AL O pO)
AQ
U2 _ UM _ g AL /D _p®)
AQ
YO At (R<2) b
u™ = y® (11)

wherenisthecurrenttimelevel, n+1listhenewtimelevel,
and residua R isthe sum of the inviscid fluxes. In order
to minimize the computation time, the expensive evalu-
ation of the dissipation terms D is carried out only at the
first stage, and then frozen for the subsequent stages. The
numerical scheme is stable for a Courant number < 2. A
local time step is used to achieve steady state solution.

Initial and Boundary Conditions

Four types of boundary conditions arerequired for the
computation of flow field, i.e., wall, inflow, outflow, and
symmetric conditions. They are prescribed as follows:

Atthesolidwall no slip boundary conditionisimposed
and at the out flow boundary, the two tangential velocity
componentsareextrapol ated from theinterior, whileat the
inflow boundary they are specified as having far field
values. Thesefivequantitiesprovideacompletedefinition
of the flow in the far field. For the supersonic case, the
flow isfixed to the freestream values as given in Table-1
and the out flow is extrapolated from the values at the
interior cells. The flow istangent to thewall. Theflow is
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Table-1: Trajectory pointsand initial conditions
Moo Uoo, m/s Poo, Pa Too, K
10.0 3150 498 247

=
P( MUSES-C
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Fig.3 Geometrical detail of the blunt body

7

assumed to havebilateral symmetry with respect tothex-y
plane, thereforew = 0, and gradients of the other primitive
variables are zero on the symmetry boundary.

Reentry Capsule Configurations

Thereentry capsules geometrical details are shownin
Fig. 3. It can be seen from the figure that the blunt body
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configurations are having different shape such as spheri-
cally cap, combination of spherical cap and cone. The
geometrical shape usually has chosen to meet certain
design requirements such as aerodynamic load and drag.
Table-2 gives the geometrical parameters of different
reentry configurations.

Grid Generations

In order to initiate numerical smulation of flow over
the reentry capsules, the physical spaceisdiscretized into
non-uniform spaced grid points. These body-oriented
grids are generated using afinite element method in con-
junction with homotopy scheme [20]. The capsule com-
putational region is divided by a number of grid points.
Using these surface grid points as reference nodes, the
normal coordinates is then described by stretched struc-
tured field points extending onward up to the outer com-
putational boundary. These stretched grids are generated
in an orderly manner. Grid independent tests are carried
out taking into consideration the effect of the computa
tional domain, the stretching factor to control the grid
intensity near the capsule wall, the number of grid points
in the axial, normal and circumferentia directions. The
outer boundary of the computational domain is varied
from 5 to 12 times the maximum diameter, D. To validate
the code, the steady state numerical computation is com-
pared with the experimental data. This arrangement of
grid isfound to give arelative difference of about +3% in
the pressure peak valuein the shoulder of the capsulewith
the convergence criterion of [p™ -p" |< 10" between two
successive iterations. After extensive grid independent
test, 90x42x18 grid points are taken in the longitudinal,
normal and circumferential directions, respectively.

Table-2 gives the dimensional detail of the model of
the blunt body configurations and also shown in Fig. 3.
The surface grid is generated using NISA [21] (Numeri-
cally Integrated elements for System Analysis). The sur-
face grids are used to compute aerodynamic load using
Newtonian expression in order to compare the numerical
results. Fig. 4 shows the surface grid generation over
spherically blunt body with flare angle of 30 and 35
degree, ARD, Apoallo Il, Muses-C and OREX with and
without shoulder curvature. These surface grid points are
used to compute area and volume of the cell for the
Newtonian flow assumptions.

Results and Discussion

The numerical procedure described in the previous
sectionsisvalidated in Ref. [22]. Thenumerical procedure
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Table-2(a) Geometrical parameters of reentry capsules
Capsule Spherica Frontal Corner Radius, Overdl Semi-cone Back shell
Radius, RN Diameter, D Rc Length, L angle, aa deg | angle, o deg
ARD 3.36 2.80 0.014 2.04 - 33.0
Apollo 4.595 3.95 0.186 3.522 - 325
Apollo-l 4,74 3.95 0.1975 2.686 - 33.0
OREX smooth 1.35 3.40 0.001 1.508 50.0 75.0
shoulder
OREX sharp 1.35 3.457 - 1.508 50.0 75.0
shoulder
MUSES-C 2.0 4.0 - 2.0 45.0 45.0
Table-2(b) Geometrical parameters of spherically
blunted cone blunt body
Base diameter, D Semi-cone angle, 0
77.89 30
82.29 35

described in the previous section is applied here to com-
pute flow field over ARD (ESA’s Atmospheric Reentry
Demonstrator), OREX (Orbiter Reentry Experiments)
with and without smooth and a sharp shoulder edge,
Apollo, and spherically blunted cone-flarewith semi-cone
angle, 6 and 35 degree reentry modules.

Flow Characteristics

For the sake of brevity we are presenting windward
and leeward sidesflow field over OREX with smooth and
without smooth shoulder, ARD, Apollo Il and spherical-
cone configurations are shown at M = 10.0 and at angle of
attack 10.0 degree in Fig. 5 and corresponding variations
of pressure coefficient are depicted in Fig. 6. Fig. 5
displays the flow field in the windward and the leeward
side of the capsules. A shock wave stands in front of the
reentry blunt body and forms a region of subsonic flow
around the stagnation region. Computed Mach contour
plotsin the windward and the leeward side of the various
capsules are shown in Fig.6 for freestream Mach number
10.0 and angle of attack 10.0 deg. Characteristic features
of theflow field around the blunt body at high speed, such
asbow shock wave ahead of the capsuleand the expansion
waves on the shoulder of the capsules. The bow shock
wave follows the body contour and the fore body is
entirely subsonic up to the comer tangency point of the
ARD, the Apollo and the OREX where the sonic line is

Spherically blunted cone, 8=30 deg ARD

APOLLO 1l MUSES-C

Fig.4(a) Surface grid generation over the blunt body
configurations using NISA

located. In the case of the spherically blunted cone-flare
module, the sonic line is located at the junction of the
sphere cone as seen in the Mach contour plots. The flow
expands at the base comer. The flow field over thereentry
modules became complicated due to the presence of
comer at the shoulder and the base shell of the capsule as
delineated in the Mach contour plots.
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Fig.4(b) Surface grid generation over the blunt body
configurations using NISA

Calculation of Aerodynamic Drag Coefficient

Pressure drag is calculated by integrating the surface
pressure distribution on the fore body surface that is
excluding the base of the capsule. A5 is the maximum
cross- section area of the capsule. The fore body aerody-
namic drag Cp based on the CFD analysis is given in
Table-3 for ARD, Apollo Il, OREX (with and without
shoulder curvature) and spherically blunted cone with
semi-coneangle, 6 = 30 and 35 degree at free stream Mach
10and angleof attack of 10 degree. The aerodynamic drag
is greater then one for al the capsules considered in the
present analysis.

Newtonian Impact Theory

In the Newtonian flow concept the shock wave is
assumed to coincide with the body surface. It is aso
assumed that the freestream maintain its speed and direc-
tion unchanged until it strike the surface exposed to the
flow. The impact theory does not specify the pressure on
surface that does not "visudize" the flow, that is, the
surfaces on which gas dynamics would predict Prandtl-
Mayer flow. When the flow is curved in the direction of
free stream, the difference in pressure from the shock
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Fig.5(a) Mach contours

wave to the body surface equalsthe centrifugal force, due
to the curvature of the flow. The pressure coefficient [23]
on the surface can be written as

Cp:2cosze—zsin26 (12)

3
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where 0 isthe angle between the local tangent to the body
surface and the freestream flow direction. The second
termontheright-hand side representsthe centrifugal force
term. Cp equal to zero point to occur at 6 = 60 deg,
whereas the simpleimpact theory predictsit to be located
at 0 = 90 deg. Lees[24] proposed a modified Newtonian
theory, which consistsin scaling down so asto be exact at
stagnation point, where isthe correct valueisknown. The

VOL.60, No.1
25
lee side
wind side
2
15
& 1
[ 1]
o S
-05 . i . I i
0.02 004 0.08 008 0.1 0.12 0.4 0.6
x
25
e lee side
wind side |
2 |
|
185
F
0.5
a —_
-05 L i . . =T J
[ 0.002 0.004 0,006 0.000 0.01 0012 0074 0.016
*
zs
—— lee side
wind side
2
15
& 1
05
" - S i
"y i i L i i A
] 0.02 0.04 0.06 0.08 0.1 0.12 04 0.6 o

Fig.6(a) Variations pressure coefficient

forebody aerodynamic drag is also computed using New-
tonian flow assumptions.

The Newtonian flow assumptions [25] are used to
calculateforebody aerodynamicdragfor ARD, Apollo-II,
OREX with and without shoulder curvature, MUSES-C,
Apollo and spherically blunted cone with 6 = 30 and 35
degin conjunction with the NI SA software. A comparison
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between CFD and the Newtonian flow assumptions for
fore body drag of ARD, Apollo |1, OREX with and with-
out shoulder curvature and spherically blunted cone con-
figurations with 6 = 30 and 35 deg are made in Table-3.
The comparison shows an agreement between them.

Conclusions

The flow fields over the body are smulated to solve
numerically three-dimensional inviscid Euler equations.
The effects of geometrical parameters, such as radius of
the spherical cap, half coneangle of theforebody and flare
angle of the spherically blunted cone configurations are
analyzed using numerically computed results. Compari-
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Table-3 : Forebody aerodynamic drag
Capsule Cp
CFD Newtonian

ARD 144 1.48

Apallo-ll 1.50 1.54

OREX-without shoulder 112 115
curvature

OREX-with shoulder 1.40 144
curvature

MUSES-C - 1.13

Apallo - 145

Spherically blunted cone, 0.38 0.35
6 =30deg

Spherically blunted cone, 0.45 0.48
0 =35deg

sons of the flow field and surface pressure distribution
results are made between different configurations of the
blunt body capsules such as ARD (ESA’ s Atmospheric
Reentry Demonstrator), Apollo 1, OREX (Orbital Reen-
try Experiments) and spherically blunted cone with semi-
cone angle of 30 and 35 degree. The Newtonian flow
assumptions are used to calculate fore body aerodynamic
drag for various blunt-bodies in conjunction with the
NISA software. A comparison is made between the CFD
and the Newtonian flow assumptionsfor the aerodynamic
drag over variousblunt body configurationsfor freestream
Mach number 10 and angle of attack of 10 degree and an
agreement found between them.
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