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ABSTRACT

The flowfield analysis around a model of re-entry capsule has been carried out wutilizing
the Finite Element Method (FEM) scheme. In this scheme, the pressure p in the Navier-
Stokes equation is expressed by the non-differential form to improve the accuracy in
calculation.  The propriety of this application was examined by comparing the
computational result with the one of Schlieren. In this comparison, the wedge model was
used and it was found that they were in good agreement. Subsequently, the flowfield
around the capsule was calculated utilizing the FEM scheme. The simulations were carried
out under the various Mach number of 10, 5, 3, and 2, respectively. Furthermore, in the
case of Mach number of 10, the FEM simulation results such as shock shape, streamline, and

vortex region were compared with the experimental ones, which have been carried out by
Electric Discharge Method.

Keywords : Supersonic Flow, Hypersonic Flow, Re-entry Capsule, Finite Element Method,
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1. Introduction

The various kinds of studies for space development
have been carried out in the world. Especially, the Mars
environmental survey program has become more frequent.
This program is to rendezvous with an asteroid and to
bring back a sample of asteroid soil to Earth. In this
mission, the capsule re-enters from the super-orbital flight,
so the entering speed of the capsule becomes very high-
speed. Therefore, it is important to investigate the
flowfield around a capsule. In order to obtain the
aerodynamics data around a capsule for the region of
supersonic or hypersonic, various kinds of experimental
equipment are developed and the theoretical studies or the
experimental ones are carried out.!8!

In the theoretical studies, the Computational Fluid
Dynamics (CFD) technology is useful method for
analysis of the flowfield because of the computer
development. In this analysis, the Finite Difference
Method and the Finite Volume Method are mainly used.
However, in the case of Finite Difference Method, it is
difficult to give an account of the form of boundary and
boundary conditions. Furthermore, the program is
dependent on the conditions of flowfield. For the above
mentioned reasons, in this study, the flowfield around a
capsule was calculated utilizing the FEM scheme.®} )
The simulations were carried out under the various Mach
number of 10, 5, 3, and 2, respectively. In case of Mach
number of 10, the calculated results such as shock shape,
streamline, and vortex region were compared with the
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experimental ones, which have been carried out
by the Electric Discharge Method.

2. Propriety of Numerical Simulations

In this study, in order to investigate the propriety of
FEM, the comparisons of the shock wave over a wedge
model between a calculated result and an experimental
one by the Schlieren method were carried out. In the
numerical calculations, the compressible Navier-Stokes
equations were used. The compressible Navier-Stokes
equations in conservation form is written as follows:
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where each vector is expressed as follows:
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The notations in Eq.(2) has the following meaning:

p =density (kg/m’] ,u,, u,=velocity components in x and
'y directions (/s), e= total energy U], o, o, =stress (Pa,
and q,, q,=heat flex inx and y directions (Jkg] .

In Eq.(2), the stress tensor is consist of the static pressure
p and the viscous stress t and given by

6=—pl+\(V-u)l+p0 3)

where 0 =strain tensor, p =coefficient of viscosity, 4
=second coefficient of viscosity, and [=Kronecker delta.
Generally, F; and F, include the pressure term p.  But, in
this study, the pressure term p is included in G, and G, to
improve the accuracy in calculation. Furthermore, the
coefficient of bulk viscosity u " is given by

' 2 .
H =7»+§u 4

Assuming Stokes Hypothesis of A =—23 ¢ Eq.(3) is
expressed as follows:

c= —pI—%u(V-u)Iﬂ,tO 5)

In Eq.(5), u is the coefficient of laminar viscosity and
given by the function of temperature. The relation
between p and T is given by Sutherland’s equation and
they are expressed as follows:

Moo TooT +C1

where, T'=T/T,, and C=117.

In Eq.(1), the equation is not close, so we can not solve
the equations. The relations of pressure to other
equations of state are needed to solve the equations. The
most basic equation of state is a perfect gas. In this
study, in order to compare with the experimental results,
which obtained by the hypersonic gun tunnel installed in
Fukuyama University, the simulations were carried out
under the low enthalpy. Therefore, in this study, the gas
was assumed to be the perfect gas. In the case of perfect
gas, the pressure p is expressed as follows:

p=(y-I)pe 0

where ¢ =internal energy (J) and vy =ratio of specific
heat. :

The formulation for FEM is carried out based on the
weighted residual method (Galerkin Method). The
weighting function w, which takes value 0 on the surface
Sy, was considered. We multiply w on Eq.1) and
integrate it over the region A. Eq.(1) becomes as
follows:

wa—UdA=—j & 6F2 A
A O A ax oy
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In order to introduce the upwind effect for the analysis,
the SUPG (Streamline Upwind Petrov-Galerkin) method
is used. Furthermore, the explicit scheme is used for
time integration by making left hand of Eq.(8) diagonal
matrix. By this procedure, it does not need to solve the
simultaneous equations. Therefore, the calculation time
and computer memory can be saved.

The simulation was carried out under the condition
that the wedge angle is 20 deg, the Mach number is 10,
the freestream density is 4.5X 103 (kg/m®] , the static
pressure is 70 (Pa) and the static temperature is 54 (K] .
The computational grid consists of 210X90 nodal
points, and non-slip boundary conditions were given for
wall surface of the model. Furthermore, the flow is
assumed to be a laminar. The computational grid used
for calculation and the comparison results are shown in
Fig.1 and Fig2, respectively. In Fig.2, the centerline
marks the boundary between a computational result and
an experimental result. That is, the upper part of the
figure is the computational result and the lower part of the
picture is the experimental result. As shown in Fig.2,
the shock angle, which obtained by the calculated result
was 26.0+0.3 deg and the shock angle, which obtained
by the experimental one was 26.2£0.2 deg, respectively.
From these results, it was found that they were in good
agreement and the propriety of numerical simulations by
the FEM was confirmed. Subsequently, the
computational results-of the flowfield around the capsule
are shown.

Wedge modefﬂ

Fig.1 Computational grid around a model.

Shock wave obtained
by the numsrical
simulation

28.0°:03°

28.2°:02°

Shock wave obtsined
by the experiment
Fig.2 Comparison between the computational
result and the experimental result.

3. Simulations by the FEM

3.1 Basic Equations and Computational
Method .
In the case of axisy mmetric problem, the
compressible  Navier-Stokes equations in
conservation form is as follows:

where each vector is expressed as follows:

F=F

Gy = {0 Oyxy Oyy—0f UyxOyy+UyOyy —»qy}T (10)

In Eq.9), the underline shows the term of the axial

symmetry.
As a boundary conditions, they are based on the
relations:

U=U (onSy), Gy +Gyny =P (onSp) (1)

where U =the known quantities and S=on boundary.

The weighted function w, which takes value 0 on the
surface Sy, was considered. We multiply w on Eq.(11)
and integrate it over the region A. Eq.(11) becomes as
follows:
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Table 1 Freestream conditions

Case V. M., P. T 0 o Re” y
~ [(m/s) (Pa) (K] (kg/m?)
1 1500  10.0 70.0 54.0 4.5X10° 1.95Xx10° 1.4
2 1500 - 5.0 1197.0 226.5 1.8X 102 1.86 % 108 14
3 895 3.0 2549.0 221.6 4.0X10? 2.52 X 108 1.4
4 - 590 2.0 5529.0 216.7 8.9X 102 3.78X 108 14
* The values of per meter
‘ o, OF Y
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A & A lax o oy
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3.2 The Conditions of Calculation

The flowfield analysis around the capsule was
calculated by the FEM. In this study, the simulations
were carried out under the various Mach number of 10, 5,
3, and 2, respectively. The freestream conditions used
for calculation are shown in Table.1. In Table 1, the case
1 is the physics quantities for the experiment and the other
cases are the physics quantities for. the standard
atmosphere. Figure 3 shows the model dimensions of
capsule, which used for simulations. In these
simulations, the computational grid consists of 194 X
100 nodal points, and non-slip boundary conditions were
given for wall surface of the model. The computational
grid used for calculation is shown in Fig.4.

4. Computational Results and Discussions

The flowfield around the capsule such as shock waves,
velocity vectors, and streamlines were calculated under
the various Mach number of 10, 5, 3, and 2, respectively.
In the case of M=10, the shock wave around the capsule
which obtained by the Electric Discharge Method are
shown in Fig.5. Figure 6 shows the streamlines and the
density distributions around the capsule, which obtained
by the FEM. Furthermore, Figs. 7 and 8 shows the
comparison between the computational results and the
experimental ones. In Fig.7, the solid line expresses the
streamline, which obtained by the FEM and the dotted

370

Fig.3 Model dimensions of capsule.

-~
3

Fig4 Computational grid around a model.

line expresses the streamlines and the shock wave, which
obtained by the Electric Discharge Method. Fig.8 shows
the shock wave around the capsule, which obtained by the
FEM and the Schlieren Method. In this case, the upper
part of the figure is the computational result and the lower
part of the figure is the experimental result. From these
comparisons, a good correlation between them was
found.

Next, the density distributions around the capsule are
shown in Fig9. In this case, the shock waves are
expressed by the density ratio, i.e. o/ o ~=the density for
downstream of the shock wave / the density for upstream
of the shock wave. From Fig9, it is found that the
largest shock standoff distance occurs with the M=2.
Furthermore, at the shoulder of capsule, the decreases of
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density ratio were confirmed in the downstream : -3
directions. This phenomenon is concerned with the
expansion waves at the shoulder of capsule. Therefore,
the directions of flow are change and it flows along the
wall of capsule when it across the expansion waves. In
order to examine these phenomena, the velocity vectors
and the streamlines around the capsule were calculated.
The results are shown in Figs.10 and 11, respectively. In

Figs.10 and 11, it was found that there were the vortex 5
exists in the wake. From these computational results, it
was found that the separation points were almost the same, (a) Calculated streamline around the capsule.
but in the downstream directions, the location of the wake
stagnation point for M=10 was larger than that of the -3
M=2.
- 2
~
~
>
-1
0
x/r
(®) (b) Calculated density distribution around the capsule.

(max p/p=57)
Fig.6 Flowfield around the capsule. (M=10)

(b) :
Fig.s Visualization of the streamline by the Electric
Discharge Method. (M=10)

Fig.8 Comparison between the computational result and
the experimental result. (M=10)
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Fig.7 Comparison between the computational result and
the experimental result.  (M=10)

5. Conclusions

In this study, the flowfield around the capsule were
calculated utilizing the FEM. First, in order to
investigate the propriety of FEM, the comparisons. of the
shock wave over a wedge model between the calculated
result and the experimental one by the Schlieren method
were carried out.

Subsequently, the flowfield around the capsule was
calculated utilizing the FEM scheme. The simulations
were carried out under the various Mach number of 10, 5,
3, and 2, respectively. Furthermore, in the case of Mach
number of 10, the FEM simulation results such as shock
wave and streamline - were compared with the
experimental ones, which have been carried out by
Electric Discharge Method. From these comparisons, it
was found that they were in good agreement.

Furthermore, In this study, in order to compare with
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the experimental results, which obtained by the
hypersonic gun tunnel installed in Fukuyama University,
the simulations were carried out under the low enthalpy.
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Fig.10 Calculated velocity field around the capsule.
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(c) M=2

Fig.11 Calculated streamline around the capsule.
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