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(maximize —a) or outward (maximize +a) are logarithmic spirals,
the reduced flight-time gain in the high-performance regime is more
pronounced for the near-circular planetary target orbits, which re-
quire an additional velocity increment for a final circularization of
the spiral (so that Vgierare 11 Viarger)- For the transfer to the highly ec-
centric asteroid 1996FG; (e = 0.35), where such a circularization is
not required, the curve bends at higher characteristic accelerations,
and the bending is less pronounced.

The results also show that there is a considerable increase of up to
15% in minimal orbit transfer time if model NPR is used. The mean
increase is about 10% for Mercury, Venus, Mars, and Vesta and
about 5% for 1996FG;. The results are in accordance with results
obtained by Cichan and Melton,® where, using a local trajectory op-
timization method (direct collocation method), an increase of 7.8%
in transfer time had been obtained for a simple Earth—-Mars transfer
(a. =1.5 mm/s?, ENC yields 6.8% for this transfer). For a simple
Earth—Venus transfer, an increase of even 24% in transfer time (306
days fora, =0.55 mm/s?) had been obtained by Cichan and Melton,
which suggests, however, that the trajectory is far from the global
optimum (ENC yields a minimum transfer time of 267 days for ex-
actly the same problem). The results are also in good accordance
with the results obtained by Colasurdo and Casalino'® for optimal
transfers between coplanar circular orbits.

Conclusions

Minimal transfer times for rendezvous missions to inner solar
system bodies have been calculated for perfectly and nonper-
fectly reflecting solar sailcraft, extending, thereby, the currently
available data to moderate-performance sailcraft and to very-
high-performance sailcraft. Two performance regimes have been
found, one for moderate-performance sailcraft and one for high-
performance sailcraft, in which the minimum transfer times can be
approximated with very simple functions. For nonperfectly reflec-
tive solar sailcraft there is a considerable increase of about 10% in
the minimal transfer times as compared to perfectly reflective solar
sailcraft. The results demonstrate that, for a thorough mission anal-
ysis, the nonperfect reflectivity of the solar sail must be considered
through an appropriate SRP force model. The simplification that
the nonideal reflectivity of the sail can be taken into account by the
use of an overall efficiency factor 1 should only be made for very
preliminary mission feasibility analyses.
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Nomenclature

coefficient of pressure

base diameter, m

total energy, N/m?

flux vector

Mach number

source-term vector

unit normal

pressure, N/m?

nose radius, m

= surface area, m?/wave speed in Harten—Lax—van Leer
contact, m/s

= time,s

conserved variable vector

x component of velocity, m/s

velocity, m/s

volume, m?

y component of velocity, m/s

z component of velocity, m/s

angle of attack, deg

specific heat ratio

specific heat ratio corresponding to

internal energy, m?/s’

internal energy governed by the polytropic law, m?/s?

internal energy advected in the flow, m?/s?

relaxation rate

density, kg/m?

= internal energy function
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Subscripts

i, j,k = cell index number along x, y, z, respectively
unit normal component

X component

y component

Z component

= parameters corresponding to &
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Superscripts

l = left state variable
time level

N
|

Received 13 December 2003; revision received 16 March 2004; accepted
for publication 23 March 2004. Copyright © 2004 by the American In-
stitute 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 0022-4650/04
$10.00 in correspondence with the CCC.

*Scientist, Kerala State.

"Division Head, Launch Vehicle Design Group, Kerala State.

fAssociate Professor, Department of Aerospace Engineering,
Maharashtra State.



696 J. SPACECRAFT, VOL. 41, NO. 4: ENGINEERING NOTES
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Introduction

HE space capsule during its reentry flight encounters real-gas

flows, which are difficult to analyze, as they are governed by
the general pressure laws.! Numerical analysis of these flows is
carried out with different approximations in pressure laws like the
equivalent specific heat ratio,? etc. The direct modeling of pressure
laws introduces a large number of derivatives leading to a nonlinear
equation, which is solved numerically. As a result, computation of
real-gas flows is very time consuming. Coquel and Perthame® in-
troduced the energy relaxation method (ERM) to analyze the real-
gas flows, whereby the solvers devised for perfect gases can be
used for real gases. In the energy relaxation method, the nonlinear
pressure law, is split into linear and nonlinear parts. The internal
energy is split into one governed by the linear polytropic pres-
sure law, and the other one is advection energy, which is carried
by the flow. So far, the energy relaxation method is used together
with Roe** and kinetic* schemes for one and two-dimensional test
problems.

In this Note, an attempt is made to apply ERM with Harten—Lax—
van Leer contact (HLLC) flux-splitting scheme® using finite vol-
ume formulation to solve three-dimensional hypersonic flows over
areentry capsule. The fluxes at the interfaces are reconstructed using
second-order MUSCL approach with Venkatakrishnan limiters.” In
all of the calculations, the time integration is carried out with three-
stage Runge—Kutta scheme. The analysis is carried out at two flow
conditions: one at Mach number 5 and the other at Mach number
10. The results computed are discussed at the end.

Mathematical Description

The inviscid flow of fluid in thermodynamic equilibrium is mod-
eled by Euler equations:

%[/fUdVoH—f/FdS:O 1)

Vol N
where
oV,
(puVy, + pny)
U= (p,pu, pv, pw, E)", F = (pvV, + pny)
(pwV, + pn;)
[(E+ p)V,]

E = ple +0.5u* +v* + w?)]

This system is supplemented by the equation of state p = p(p, ¢€). In
such a general case, the nonlinearities involved in the pressure law
p(p, €) strongly influence the flow dynamics, and significant diffi-
culties arise over the numerical solution of Euler equations (1). The
aim of the energy relaxation theory? is to bypass these difficulties
while preserving the correct flow dynamics. The main idea is to
consider an energy splitting in the form & =¢; + ¢, to relax the
nonlinearities in the pressure law.

Here, the internal energy ¢, is governed by a simple pressure
law, typically a polytropic law, while ¢, stands for the disturbing
nonlinearities, which is simply advected by the flow. One seeks a
pressure law of polytropic ideal gas and an internal energy ®(p, &)
so that the initial system (1) and its associated entropy inequality
can be recovered in the limit of an infinite relaxation rate A from the
following system:

%/f/UldVoH—//FldS:///Nd\/(’] @

Vol N Vol

where

(PVa)
(puVy, + piny)
(pvV, + piny)
(pwV, + pin;)
[(E1+ pD)V,]

(peaVi)

Ui = (p, pu, pv, pw, Ey, pe2)", F, =

S O O

N= 0
{10 e} — @ (p". ) ]}

{=20[e5 — @(o". €})]}

E, = p[81 +0.5w® + 0+ wz)]

and p; =(p, &)= —1)pe; with y; being a given constant
greater than unity. For a general pressure law this system (2) is
a mathematical artifice, but it appears naturally in high-temperature
thermodynamics.® The original Euler system (1) will thus be re-
covered from Eq. (2) in the limit A — 400, provided that &
verifies

e=¢+ ®(p, 1)
plo, g1+ ®(p, )] = pi(p, &1)
= (1 — Dpe; (3)

because in this limit &, = ®(p, &;). The consistency conditions (3)
are thus fulfilled for any given choice of y; (withavalueof y; > 1).In
addition to the conservation system (1), it is also required to recover
the entropy inequality at equilibrium. The required characterization
of the admissible y; is given as

y1 > sup'(p, ¢) where

p.e

C(p,e) =1+ (p,e)/p (4a)

y1> supy(p,¢€) where
p.e

v(p,&)=(p/p)p,p+(p.&)/p
(4b)

The condition (4) can be regarded as a subcharacteristic condition;
it means that the sound speed for internal energy &; must be greater
than the real sound speed in the fluid, whereas the energy splitting
might seem natural and simple.

Numerical Implementation

The vector U} }! is obtained from U7, in following two steps’:
1) First step (relaxation): The relaxation states

. _
Pijk
n n
Pij ki, jk
n _ n n
Uliix=| Pijuvijx
n n
Pij kWi jk

n
| Elije

and the internal energy (o;';, €3, ;) are obtained from the relax-
ation procedure by the consistency relation (3), that is,

0 = Do et = P(0 480 1)

n n p— n n _ n n
Pijk€2ijk = Pijx€ijk — Pijk€lijk
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2) Second step (evolution in time): In this step, the Cauchy prob-
lem is solved for " <t < ¢@®+D:

%///UldVoH—//Fl(U.)dS:O (5)
Vol S

%///(pEz)dVOH//(pean)dS =0 (6)
Vol S

with the initial datum [(U}, ; )", p{fj_ke’z’_.i’j,k]T using the second-
order finite volume scheme. Denoting the F; numerical flux function
for the system (5) and F'; for Eq. (6), we get [(Ul_,‘_j,k)T, pi_j,ksz,,-,j_k]T
at time 1”12, A three-stage Runge—Kutta scheme is used to ad-
vance the solution in time form ¢” to r"*+ 1. At last the vector U :';rkl

is computed as

n+1_ T

Ut ={lp. pu. pv, pw, (E\ + pe)l} 17}

A scheme is derived following the standard HLLC solver to evolve
U, in time.® The higher-order reconstruction of the flow variables is
carried out using the MUSCL approach with the Venkatakrishnan
limiter.” Here, the numerical flux is given by

Fy(Uuy)y if §'>0
o Fi(up™)y if s'<o<sm
L e A

F(Uy") if 8§ <0

To advect the specific energy ¢, the numerical flux is defined as

Fy(pey') if >0
) Fy(pel” if S'<0<sm
Fz(pgg.l’pgg,r): _2( 2 *)
Fy(pey™) i S"=<0<S
Fy(pey”)  if 87 <0
where
n,I* n (Sl - V’f)
(pe2)"" = (pe2) ’lm
. R
(pex)"" = (pSz)’”igsr — Smg

The wave speeds S, $™, S” in the preceding expressions are com-
puted as given in Ref. 6.

Results

Three-dimensional flows over a ballistic reentry module are com-
puted at two different Mach numbers, 5 and 10. The HLLC solver
with energy relaxation method is used for air as perfect gas and
molecular vibrating gas. The ballistic reentry module is a blunt bi-
cone (Fig. 1) with 20/25-deg cone angles. The total length is 3.19
and base diameter 3.97 times the nose radius respectively. In all
of the test cases reported next, a three-dimensional grid of size
101 x 51 x 13 is used. The boundary conditions are applied using
dummy cells. At supersonic inflow boundary the flow variables are
specified, whereas the flow variables are extrapolated from interior
at the outflow boundary. Flow tangency condition is applied at the
solid wall. The symmetry plane boundary condition is specified at
the angle of attack plane.

&

200

3.97RN

Fig. 1 Reentry capsule.

3.19RN

Levles P (kg/m’)

25  2.37E-01
23 2.22E-01
21  2.06E-01
19  1.91E-01
17 1.76E-01
15  1.60E-01
13 1.45E-01
11 1.29E-01
9 1.14E-01
7 9.85E-02
5 8.30E-02
3 6.76E-02
1 5.22E-02

Fig. 2 Computed density contours on reentry capsule at M = 5 and
a =4.66 deg.
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Fig. 3 Surface-pressure distribution on reentry capsule at M = 5 and
o =4.66 deg.

Hypersonic Flow at Mach Number 5

The flow at Mach number 5 and angle of attack 4.66 deg are
analyzed, and the computed surface pressure is compared with the
wind-tunnel test data.® The freestream pressure and temperature
are 833 Pa and 63 K, respectively. The angle-of-attack plane of
symmetry is assumed for the analysis. Figure 2 shows the computed
density contour plot over the reentry module. The flow features like
the bow shock as well as the shock at second cone are captured
quite well. Figure 3 shows the surface-pressure distribution over
the reentry module obtained from the energy relaxation method and
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Fig. 4 Surface-pressure distribution on reentry capsule at M =10 and
o =0 deg.

wind-tunnel test data.® The present solver is used to analyze the
flow with energy relaxation method for polytropic index of 1.4, 3,
and variable [i.e., the maximum value of the polytropic index is
computed at each time step that satisfies the entropy condition (4)].
The computed surface pressure for polytropic index 1.4, that is,
with no relaxation of energy compares well with the experimental
data in the region of lower temperature. The computed pressure for
the higher value of polytropic index compares well in the higher
temperature regions, but its value is higher at other regions. This is
because, away from the stagnation region, the temperature is lower,
where the real-gas effects are less. However, the computed surface
pressure is well within the error bands® of wind-tunnel test data.

Hypersonic Flow at Mach Number 10

The flow analysis is carried out at the flight condition for Mach
number 10 with freestream pressure of 26,500 Pa and density of
0.4122 kg/m?. This flight condition is generally adopted for the
equilibrium code verification and validation. Figure 4 shows the
pressure distribution on the body obtained using the energy relax-
ation method with variable polytropic index and the equilibrium air
curve fits. Thus, the energy relaxation method yields quite accurate
results.

Conclusions

The energy relaxation method together with HLLC flux splitting
has been implemented for three-dimensional real-gas flow analysis
over a reentry capsule. The computed pressure compares well with
wind-tunnel test data for Mach number 5 and that with air curve-fit
data for Mach number 10. From these results, it can be concluded
that energy relaxation method together with HLLC flux splitting is
an efficient and accurate approach in computing real-gas flows for
industrial applications.
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Introduction

UMERICAL and experimental studies'~® of aerothermody-
namics of hypersonic vehicles have shown that the temperature

in the spacecraft nose region can be extremely high, and the maxi-
mum value of the heat flux occurs at small values of the nose radius
R and small local Knudsen numbers Kn, g that characterize tran-
sitional flow regimes from free-molecule medium to continuum.?=3
Mass injection can be considered as an effective way of the reduction
of heat transfer to the surface in this area.!=®

The boundary-layer flow with gas blowing was studied by
Warren,® Libbi and Gresci,” and Finley.® Only few studies (i.e.,
Pappas and Lee® and Moss'?) were conducted in the cases of tran-
sitional Knudsen numbers. Moss'® found that mass injection sig-
nificantly reduces heat transfer to the surface, and when the mass
injection rate equals 0.4 of the freestream mass flux the viscous layer
is blown completely off the surface, and the heat transfer is zero.

The effect of injecting gaseous coolants on heat transfer in hyper-
sonic perfect gas flow near blunt bodies was studied by Gershbein
and Kolesnikov!! and Emelianova and Pavlov'? on the basis of the
complete system of Navier—Stokes equations and by Moss,'® Shen
et al.,' Ankundinov,'* Provotorov and Stepanov,'> and Botin'® on
the basis of the thin viscous shock-layer model.* Provotorov and
Stepanov'3 had found universal relations between the heat flux and
the generalized blowing parameters. Heat transfer in the presence
of hydrogen blowing and combustion was studied by Riabov and
Botin'7 and Botin et al.'®

These studies have shown that the effectiveness of coolant blow-
ing increases with the decrease of the Knudsen number and becomes
significant at Kng, z < 0.02. Heat-transfer experimental data'® re-
ceived by the method of two-layer thermal-indicator coating'® con-
firm this conclusion. Other applications of the gas blowing include
the divert and attitude reaction control systems?’ and a counterflow
drag-reduction technique in high-speed systems.?!
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