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A preliminary assessment of the heating environments during a hyperbolic entry to the planet Venus is conducted
to investigate fundamental characteristics of flows in the shock layer and to predict the convective and radiative
heat flux transferred to the entry capsule at the peak-heating point. Thermochemical nonequilibrium flows are
calculated using two-dimensional Navier-Stokes equations in the axisymmetric geometry, taking into account
oxidation and sublimation of the heatshield surface, and pyrolysis-gas injection. Radiative heat transfer coupled
with the flow is computed by a line-by-line method with a tangent-slab approximation. Influences of uncertainties
in the thermochemical models on the predicted heat flux are also examined.

Nomenclature

Dy = dissociation energy measured from the lowest
vibrational level, J/mol

k = Boltzmann constant, 1.381 x 1072 J/K

m = mass of particle, kg

m = mass injection rate, kg/m? - s

m, = pyrolysis-gas injection rate, kg/m? - s

m€ = rate of mass formation in chemical reactions on wall,
kg/m? - s

m® = mass injection rate due to pyrolysis-gas injection,
kg/m? - s

q = heat flux, W/m?

S, = radiative heat of formation per unit volume and time,
Jm3 s

T = temperature, K

T, = rate-control temperature, K

z = local coordinate normal to wall, m

o = reaction probability

r = diffusion flux directed outward from wall, kg/m2 .S

€ = coefficient of spontaneous emission, W/md - sr- A

€, = average removed vibrational energy at dissociation,
J/mol

0 = angle between z coordinate and line of light, rad

K’ = coefficient of absorption including induced emission, 1/m

A = wavelength, A

P = mass density, kg/m’

Subscripts

c,r = convective and radiative heat flux, respectively

i,j = running indices for chemical species

w = wall
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Superscripts

+, — = forward and backward flux, respectively

L

HE planet Venus has a variety of conditions, attracting a lot

of interest among astronomers, geoscientists, and meteorolo-
gists.! Historically, not many probe vehicles have been sent to this
planet so far; however, 15 years have already passed since the last
encounter by the Magellan explorer in 1990. More recently, a Venus
Express mission? was launched in 2005 by the ESA to investigate
the Venusian atmosphere, the plasma environments, and the surface
characteristics of Venus from orbit. Likewise, the Japan Aerospace
Exploration Agency (JAXA) is planning a Venus climate orbiter?
for launch in 2008 to investigate the Venusian atmosphere from a
planetary meteorological viewpoint.

To explore the atmospheric planets, it is often more advanta-
geous to send entry probes into the atmosphere and to perform in
situ measurements. From this viewpoint, at JAXA, fundamental re-
search of atmospheric planetary entry has been conducted to im-
prove planetary exploration technologies for future missions. With
respect to Venus, which has anomalous meteorological phenomena,
planetary balloons hovering in the atmosphere for a long period
are expected to work as an effective platform for in situ sensing to
gain aerononomical and meteorological information. For this rea-
son, as one of candidates for the mission target, a conceptual study
of a Venus trail balloon mission using an entry capsule is currently
being undertaken.*

The primary purpose of this study is to extend our technology for
predicting flight environments during atmospheric entry, acquired
for Earth reentry in the MUSES-C mission,’ to those for other plan-
ets. In this paper, the computational fluid dynamic (CFD) code and
the radiation code are improved for Venusian entries and applied
to an entry capsule of a Venus trail balloon mission. Influences of
uncertainties in the thermochemical models on the predicted heat
flux are also discussed.

Introduction

IL.

The Venus trail balloon mission is designed as a low-cost plane-
tary exploration using a small vehicle system, with the mass of the
entire system and the entry capsule including the balloon being 160
and 35 kg, respectively. To eliminate the propellant mass required
to decelerate the vehicle, the capsule is designed to be flown into
the Venusian atmosphere directly from an interplanetary hyperbolic
orbit at an entry velocity over 11 km/s. After the capsule is decel-
erated to an equilibrium descent velocity, a balloon is ejected from

Entry Capsule of Venus Balloon Mission
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the capsule and deployed. The target altitude for balloon hovering
ranges from 40 to 60 km, which is lower than those of the Vega
balloons,® for the purpose of long-term observations below clouds
of H,SO, for the first time. Lower limits of the altitude may be sub-
ject to the maximum operable temperature of the high-temperature
electronics. More detailed descriptions of the Venus balloon mission
may be found in Ref. 4.

To reduce mass and complexity of the entire system, it is advan-
tageous to deploy the balloon by the vapor pressure of water stored
inside the balloon using heat transferred from the ambient high-
temperature atmosphere, instead of pressurization using a working
gas contained in cylinders.” To actualize this successfully, it is nec-
essary to maintain the temperature inside the capsule low so that
the vapor pressure remains lower than the ambient pressure until
the balloon is ejected from the capsule. That is, a more accurate
estimation of the heating environments, the thermal response of the
heatshield material, and the thermal behavior of the entire system
than before should be achieved along the entry trajectory.

In Ref. 4, a preliminary thermal analysis along the entry trajec-
tory was conducted by changing the ballistic coefficient of the entry
capsule to estimate the heatshield thickness required to maintain
the vapor pressure of water below the ambient pressure until the
capsule descends to the target altitude, 60 km. It was shown that
capsules with a small ballistic coefficients require larger heatshield
thicknesses. This is because the total heat capacity of the heatshield
should be increased because the flight time to the target altitude after
the peak-heating point becomes long, resulting in a temperature rise
behind the heatshield due to heat conduction. In contrast, an exces-
sive increase in the ballistic coefficient is not favorable because the
inertial force due to deceleration increases, resulting in an increase
in structural weight to maintain structural strength. From this anal-
ysis, a bullet-cone-type capsule with a moderate ballistic coefficient
was selected tentatively. The concept of the entry capsule is shown
in Fig. 1. The fundamental configuration and mass property of the
capsule are summarized in Table 1.

Using the capsule configuration and mass property given in
Table 1, we calculated the capsule dynamics under the nominal
entry conditions, an entry velocity of 11.6 km/s and a flight path
angle of —15 deg at an altitude of 200 km. The results are shown
in Fig. 2. The entry capsule decelerates in a short period of time,
approximately 20 s, at altitudes between 80 and 90 km. The con-
vective and radiative heat fluxes in Fig. 2b are those calculated by

Table 1 Fundamental configuration and mass
property of entry capsule for Venus balloon mission

Parameter Value
Total axial length, m 0.62
Front diameter, m 0.35
Rear diameter, m 0.50
Nose radius at stagnation point, m 0.40
Total mass, kg 35.0

Explosive device
Main parachute

Heatshield

PI
Balloon

Pilot chute ejector

Fig. 1 Concept of entry capsule for Venus balloon mission.

Table 2 Flight conditions at peak-heating point

Parameter Value
Altitude, km 89.4
Pressure, Pa 45.2
Temperature, K 173.8
Velocity, km/s 10.62
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Fig. 2 Flight conditions along entry trajectory.

semi-empirical formulas®? at the stagnation point. The peak-heating
point is expected to be 40.5 s from the 200-km altitude. The flight
conditions at the peak-heating point are summarized in Table 2.

III. Numerical Procedure

A. Thermochemical Models

Thermochemical models for reacting CO, flows were investigated
and summarized in Refs. 9-12. More recently, several computations
of shock-layer flows in Venusian entries, most of which are those of
the Pioneer-Venus probes, were conducted by taking into account
ablation, coupled radiation, and ablation-induced turbulence.'3~!3
In the present study, the thermochemical, gasdynamic, and radia-
tion models are introduced using the approaches listed just and are
modified if necessary.

The Venusian atmosphere is assumed to consist of 97% CO, and
3% N, in mole concentration. Based on preliminary computations
of the equilibrium and the nonequilibrium gas chemistry for shock-
layer flows with ablation involved, we take into account 22 chemical
species: H, C, N, O, H,, C;, N, CH, OH, CN, CO, NO, H,0, C;H,
C3,C0O,,e,CH, 0, 02+, CO™*, and NO™, with 33 chemical reactions
summarized in Table 3. The forward rate coefficient is calculated
by ky =CT} exp(—E/T,), where values of C, n, and E are given
in Table 3. The backward rate coefficient is determined from k ; and
the equilibrium constant, which is obtained from individual partition
functions of chemical components involved in the reaction. The par-
tition functions are calculated by the radiation code, SPRADIAN2
(Refs. 16 and 17), which is linked with the CFD code for radiation-
coupled flowfield calculation. The forward rate coefficients given in



FUJITA ET AL. 509

Table 3 Chemical reactions

Reaction no. Reaction Third body C, m*/mol - s n E.K Source

1 H,+M<H+H+M H, 5.5 x 108 0.0 48,300 Ref. 12
others 2.2 x 108 0.0 48,300 Ref. 12

2 Cy+Mo C+C+M All 3.7 x 108 0.0 69,900 Ref. 12

3 N> +M<o N+N+M H,C, N, O 3.0 x 101° —1.6 113,200 Ref. 12
e 3.0 x 1018 -1.6 113,200 Ref. 12
others 7.0 x 101 -1.6 113,200 Ref. 12

4 CO+M<C+0+M H,C, N, O 3.4 x 1014 —1.0 129,000 Refs. 9, 10
others 2.3 x 10 —1.0 129,000 Refs. 9, 10

5 CH+M<C+H + M All 4.8 x 1010 —0.6 40,480 Ref. 9

6 OH+M<O+H+M All 4.8 x 1010 —0.6 51,500 Ref. 9

7 CN+M« C+N+M All 2.5 % 108 0.0 87,740 Ref. 12

8 NO+M<N+0O+M H, C,N, O, NO, CO, 1.1 x 101 0.0 75,460 Refs. 9, 10
others 5.0 x 10° 0.0 75,460 Refs. 9, 10

9 CO, +M <« CO+0+M H,C,N,0 1.4 x 100 —1.5 63,275 Refs. 9, 10
others 6.9 x 101 —1.5 63,275 Refs. 9, 10

10 H,O+M<OH+0+M All 8.2 x 1010 —2.0 60,000 Ref. 9

11 CGi+MoC+C+M H,C,N, O 1.4 x 100 -15 87,740 Ref. 9
others 6.9 x 101 —1.5 87,740 Ref. 9

12 CO+CoC+0 2.0 x 10" -1.0 58,000 Ref. 12

13 CO+H<CH+0 S 2.5 % 107 0.5 88,440 Ref. 9

14 CO+N«<CN+0 S 1.0 x 108 0.0 38,600 Ref. 12

15 N; +C<« CN+N S 1.1 x 108 —0.11 23,200 Ref. 12

16 N, +0<NO+N S 5.7 x 10° 0.42 42,938 Ref. 12

17 CN+0<NO+C — 1.6 x 107 0.1 14,600 Ref. 12

18 CN+C«Cy+ N S 5.0 x 107 0.0 13,000 Ref. 12

19 H,0+C <« CH+ OH S 7.0 x 10? 1.5 18,800 Ref. 9

20 H,0+ 0 <« OH+ OH S 4.7 x 10"2 -1.0 17,000 Ref. 9

21 CO+Cr < C3+ O — 1.0 x 10° 0.0 41,200 Ref. 12

22 CH+H<Cy,+H, S 1.6 x 107 0.15 14,600 This work

23 CG+CoCr+C S 1.0 x 100 1.0 16,400 This work

24 C3+NoCN+C, S 1.0 x 10° 0.0 34,200 Ref. 12

25 N+O<« NOt +e S 8.8 x 102 1.0 31,900 Ref. 10

26 C+0<« COt+e S 8.8 x 102 1.0 33,100 Ref. 10

27 0+0< 05 +e S 7.1x1074 2.7 80,600 Ref. 10

28 C+eoCtiede S 3.7 x 10% -3.0 130,720 Ref. 122

29 O+e Ot te+te S 3.9 x 10?7 —3.78 158,500 Ref. 12

30 NO* +C«NO+C* S 1.0 x 107 0.0 23,200 Ref. 10

31 NO* +N <« N; +0% S 3.4 x 107 —1.08 12,800 Ref. 10

32 NO* +0«<N+0; S 7.2 x 10° 0.29 48,600 Ref. 10

33 CO+Ctwcot+cC S 1.0 x 107 0.0 31,400 Ref. 10

? Another rate coefficient for the reaction 28 found in Refs. 10 and 9 is apparently in error, which is smaller than that of Ref. 12 by the order of magnitude.

Refs. 9, 10, and 12 are examined, and modifications are introduced
to those for reactions 22 and 23 based on the existing experimental
data.!®=2° This is because the rate coefficients for these reactions
were only estimated in Ref. 12 from analogous reactions. The rate
coefficients selected in the present work are compared with the ex-
isting experimental data in Fig. 3.

The two-temperature approximation'® and the Landau—Teller-
type relaxation model are used for vibrational relaxation with the
relaxation parameters recommended in Ref. 10. At high tempera-
tures, a correction is introduced using an imaginary cross section of
elastic collisions as proposed in Ref. 10. In addition, a correction
factor is introduced to the Landau—Teller model to take into account
diffusive nature of vibrational relaxation at high temperatures (see
Ref. 21). Relaxation between the translational and the electronic
mode is assumed to occur by the shielded coulombic elastic colli-
sions among charged particles. To take into account the preferential
dissociation from high vibrational levels,?' the average removed
vibrational energy at dissociation is given by €, =0.3Dy.

B. Transport Properties

The coefficients of viscosity, thermal conductivity, and ordinary
diffusion in a gas mixture are computed by the first-order expres-
sions of Chapman—Enskog theory (see Ref. 22) with modifications
to take into account in the ambipolar electric field.”* The collision
integrals used for this computation are mostly taken from recent
publications.'?24+2

C. Ablation

Because calculation of ablation processes coupled with the flow is
costly, thermochemical behavior of the carbon fiber reinforced plas-
tics (CFRP) heatshield was calculated apart from the flowfield cal-
culation. The wall temperature and the pyrolysis-gas injection rate
obtained from this calculation are given to flow calculations as the
boundary conditions on the wall surface. As shown in Fig. 2, the pro-
files of the cold-wall convective and radiative heat flux, and the
temperature and equilibrium chemical composition at the stagna-
tion pressure, were estimated along the entry trajectory. One-dimen-
sional time-dependent equations governing the ablation processes
were integrated in time using these profiles, for example, see Ref. 26.

The estimated wall temperature and the pyrolysis-gas injection
rate at the peak-heating point were found to lie between 2750 and
3250 K and 0.10 and 0.30 kg/m? - s, respectively, depending on the
choice of uncertain physical parameters such as the Lewis number
and the heating argumentation level.?® From these results, three wall
temperatures of 2750, 3000, and 3250 K, and two pyrolysis-gas in-
jection rates of 0.1 and 0.3 kg/m? - s, are tested in this study. The
pyrolysis-gas released from the surface is assumed, following Ref. 5,
to consist of 59.2% C, 13.1% H, and 27.7% O in mass concentration
and to be in equilibrium at the wall at the wall temperature and pres-
sure. Condensation into solid carbon is neglected because injected
gases are in the decomposition phase. Calculated mole fractions of
chemical components contained in the pyrolysis gas are summa-
rized in Table 4. Dominant chemical components in the pyrolysis
gas are H,, CO, and H.
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Table 4 Mole fractions of chemical components contained in
pyrolysis gas at 1.47 atm

T,K H H; C CcO H,O CH Cs3 CO,

2750 0.045 0.652 0.000 0.182 0.000 0.026 0.095 0.000
3000 0.101 0.604 0.001 0.177 0.000 0.027 0.090 0.000
3250 0.191 0.527 0.003 0.169 0.000 0.026 0.084 0.000

|cH+HoC +H,

-
o
=
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Fig. 3 Comparison between forward rate coefficients selected in
present work and existing experimental data, 1820

Mass continuity of chemical species i on the wall interface is
given in a general form as

mp=mf +m =T; + pi(a; /4)/8kT [rm; (1)

Ionic species are assumed to recombine with an electron with a
reaction probability of unity. For i =C*, O™, Of, CO™, and NO™,
Eq. (1) is reduced to

mf =m¢ = 0=T;+ pi 5/ 8kT /m; )

and fori =C*, O", and OF,

i = (m;/m;)pi s /SKT fm, 3)

where j is the parent neutral species of ionic species i. In this
study, surface oxidation, O + C(s) — CO, is taken into account

for i =O. The probability of this reaction is taken from Ref. 9 as
ao =0.63exp(—1160/T). Equation (1) is reduced to

MG = To + polao/4)/8kT /xmo “
tho = (mco/mo)Po(Olo/4)\/ 8kT [mmo
+ (mco/mco+) peo+ 1/ 8kT [mmeo+ 5

In this study, nonequilibrium sublimation of Cj is taken into con-
sideration. According to Ref. 9, the mass injection rate of C3 subli-
mation is given by

mé, = pé, (e, [4)y/8KT [wme, ©)

where pf, =6.84 x 10'T~" exp(—=59, 410/ T) kg/m® and ac, = 30
exp(—21,490/T). For i = C;, Eq. (1) is rewritten as
mg =TI¢, + (,oc3 - ,oéi)((xc3/4),/8kT/7'rmc3 7

For other neutral species i, the reaction probability is assumed to be
zero. Equation (1) is reduced to

mf +mf =T )

p
mo =0

D. Radiative Heat Transfer

Radiative heat transfer is computed by a line-by-line method with
a tangent-slab approximation in the wavelength range from 500 to
25,000 A, using the radiation code SPRADIAN2 PL-6 (Ref. 17).
Electronic transitions taken into account in this calculation are sum-
marized in Table 5. Because H* and N* are not included in the
CFD calculation, their concentrations are set to be zero to com-
pute the absorption coefficients in the electronic bound-free tran-
sitions, H+ hv — H' and N+ hv — N*, respectively. The two-
temperature approximation is used in accordance with the CFD
calculation.

Radiative heat of formation per unit volume and unit time, which
is given to the energy equation for the CFD calculation as a source
term, is defined by S, =—09(q;t +¢;)/9z. The forward and the
backward radiative flux are calculated by'®

/2 (LFLD)/2
g, () = —Zn/ dk/ sin9d9/ ez, \)
0 z

4 K/ Z”, }\,
X €Xp [_/ Q dz”] dz’ )
cosf
Table 5 Electronic transitions incorporated into SPRADIAN 2
in this study
Species Transitions

Atomic lines
H 215 transitions
C 1286 transitions
N 1091 transitions

(0] 885 transitions
ct 651 transitions
ot 857 transitions
Molecular bands
H, B« X, C X
C, A< X, DX, CoA EsAbeoa,d<—a,e<a
N Ao X,ao X, b X, X,B<A,C< B, DB
CH A< X, B X
OH A X
CN A< X, B X
CcO A< X,B< X, C< X, E<X,B<A,b<a
NO A< X, B« X, C<X, DX
G AT, o X'sf, ') o xs)
N AoX,BoX,CoX
cot A< X,B<X

Bound-free continua
HT,CT, M'+e<M' "4 hy
NT,0",0
Free-free continua
Ny, N, O,ions M"+e< M"+e+hv




FUJITA ET AL. 511

E r Tw = 3,000 K )
~ mp = 0.300 kg/m“.s
£ 154 o
s | uncouple
; radiative
= heat flux total
< J
3 ]
= 10
©
® ]
c
= uncoupled —
-% 1 convective W
Q 1 heat flux
c i .
S 9] convective
T 5
= =
> ©
2 g
@« radiation % T v £ £ £ £ £ £
7 uncoupled - N ®© ¥ b o ~ o &
150000 1200000

Iteration steps

Fig. 4 Typical convergence history of stagnation-point heat flux in
radiation-coupled flowfield calculation.

e 137 - 10°
= ] Tw = 3,000 K ) F
E mp = 0.300 kg/m?s | |

12
x ) . 4
= Stagnation-point F10
"._.('“ 111 radiative heat flux F
I CPU time »
g ] ¢
g ]
101 E10° £
g ] ’ g
E 9 Optimized
8— ] wavelengths set L 402
[ ]
g 81 A ammm—
= ]
C
()]
5 7 10’
R S

Number of wavelength point

Fig. 5 Influence of wavelength discretization method on computed
stagnation-point radiative heat flux and CPU time.

where z =0 and L represent the wall surface and the outermost point
from z = 0 along the local z coordinate, respectively. Emission from
the high-temperature wall is represented by the blackbody radiation
with a unique emissivity of 0.78 (Ref. 26), and taken into account in
calculating the forward radiative heat flux. The radiative heat trans-
fer is incorporated into the flow through an iterative procedure. First,
the flowfield calculation without radiative heat transfer is performed.
Radiative properties are then calculated from the flowfield results
to determine S, at each grid point of the computational domain,
and the flowfield calculation is continued using the updated values
of S,. This procedure is repeated until both the convective and the
radiative heat flux converge. In typical calculations, S, was updated
at every 10,000 steps of the CFD calculation. A typical convergence
history is shown in Fig. 4 in terms of the heat flux monitored at the
stagnation point.

Accuracy of the computed radiative heat flux depends signifi-
cantly on the wavelength discretization method. That is, the radia-
tive heat transfer calculation cannot be performed accurately unless
line broadening of prominent spectral lines is resolved sufficiently.
In Fig. 5, the radiative heat flux and the time required to perform one
radiative-transfer calculation along the stagnation-point streamline
are plotted against the number of wavelength points with a unique
wavelength interval. Accuracy is improved as the wavelength res-
olution is enhanced; however, the computational time to process
individual line shapes increases conversely. In this study, to reduce
the computational cost without losing accuracy, the wavelength dis-
cretization method was optimized, and 4072 wavelength points with
different intervals were selected. The heat flux computed with the

selected wavelength points is, in general, within 0.3% errors com-
pared to that obtained with 245,001 wavelength points atequal wave-
length intervals of 0.1 A, as seen in Fig. 5.

E. Method of Numerical Calculation

Because the capsule configuration and the flight trajectory have
not been determined definitely, a simple hemisphere geometry with
a nose radius of 0.4 m was assumed as the capsule nose configura-
tion. The flowfield was assumed to be axisymmetric with respect to
the stagnation-point streamline. To perform the radiation-coupled
flowfield calculation, one numerical coordinate was aligned to the
direction normal to the wall surface and the other to the tangen-
tial direction, with 101 and 25 grid points, respectively. Intervals
between grid points were decreased in the normal direction in the
vicinity of the wall to obtain sufficient accuracy in the computed
heat transfer rate, based on preliminary studies on grid convergence.
The cell Reynolds number based on the minimum grid interval is
approximately unity.

The convective numerical flux was formulated by the AUSM-DV
scheme?’ with the second-order upwind-biased MUSCL scheme.?
To settle the strong stiffness originating from chemical reactions,
the diagonal implicit scheme® was applied to the chemical source
terms, whereas the convective and the viscous terms were integrated
explicitly in time using local time steps. Calculations were made at
the peak-heating point using the flow conditions given in Table 2.

IV. Numerical Results

A. Fundamental Characteristics of Flowfield

In Fig. 6, the distribution of temperatures and mole fractions of
chemical components is plotted along the stagnation-point stream-
line for Ty = 3000 K and 71, = 0.3 kg/m? - s. Significant thermo-
chemical nonequilibrium is observed behind the shock wave and in
the vicinity of the wall. Immediately behind the shock wave, CO,
is seen to be dissociated quickly into CO and O, followed by vi-
brational relaxation and dissociation of CO. Primary electrons are
produced mainly by reaction 27 behind the shock wave. When the
electron temperature is sufficiently elevated through relaxation, C
and O begin to be ionized by reactions 28 and 29, respectively. With
a sufficient concentration of electrons at high temperatures, these
reactions are very quick due to the avalanche effect (see Chap. 5
of Ref. 21). The concentration of C* and O™ in the inviscid region
of the shock layer is, therefore, not dependent on the reaction rate
coefficient but on the equilibrium constant.

In the vicinity of the wall, the most dominant chemical compo-
nent is CO, followed by H,, H, and C. Spatial distribution of C, and
C; is limited within a short distance from the wall, and their con-
centrations are relatively small in comparison with those of CO, H,,
and H. Such trends are different from those observed in Ref. 9. One
reason is attributed to the forward rate coefficient of reaction 23,
which is much higher in this calculation than in Ref. 9, as shown in
Fig. 3b. A higher forward rate of this reaction decreases the concen-
tration of C; more quickly toward the inviscid region. The second
reason is that, under the flight conditions of Ref. 9, a considerable
amount of H,O and OH is injected from the wall because the pyrol-
ysis gas consists of a larger amount of O (43.4% by mass) than in
this calculation (27.7%).

B. Effect of Radiative Heat Transfer

In Fig. 7, the forward and the backward radiative heat flux and
the radiative heat of formation obtained by the radiation-coupled
calculation are plotted along the stagnation-point streamline for
T,, =3000 K and 1, = 0.3 kg/m? - 5. The radiative heat flux is seen
to be absorbed in the vicinity of the wall and in the thermochemical
nonequilibrium region immediately behind the shock wave, whereas
the flow is cooled radiatively between these two regions. In Fig. 8,
distributions of temperatures and dominant chemical components
are compared with those obtained by the uncoupled calculation. In
the presence of radiative heat transfer, temperatures in the shock
layer are slightly decreased the inviscid region, especially a short
distance from the wall, resulting in a decrease of the shock standoff
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Fig. 6 Distribution of a) temperatures and b) and c) dominant chemi-
cal components along stagnation-point streamline for 7\, = 3000 K and
ity = 0.3 kg/m? - s.

distance and a reduction in the radiative heat transfer rate. Con-
versely, as seen in Fig. 4, the convective heat transfer rate increases
slightly because the temperature close to the wall is elevated due
to absorption of the radiative heat flux. The degree of ionization
decreases slightly in accordance with a temperature drop. Spatial
distribution of chemical components is almost independent of the
radiative heat transfer in the vicinity of the wall.

C. Radiation Spectra

The forward and the backward radiation spectra measured at the
wall surface and ahead of the shock wave are shown in Figs. 9a
and 9b, respectively. The maximum intensities of the forward and
the backward radiation are enveloped approximately by the black-
body radiation at 9400 and 10,000 K, respectively. To illustrate the
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Fig. 7 Variation of forward and backward radiative heat flux and
radiative heat of formation along stagnation-point streamline for
T, =3000 K and 7z, = 0.3 kg/m? - s.

contribution of each chemical component to radiative heat trans-
fer, distributions of total emission coefficients of individual elec-
tronic transitions are plotted along the stagnation-point streamline
in Fig. 10. Distribution of the stagnation-point radiative heat flux
among every 500-A wavelength interval is shown in Fig. 11. From
Figs. 10 and 11, we can conclude that the dominant sources of the
radiative heat flux are atomic lines of C and O in vacuum-ultraviolet
and ultraviolet wavelengths, followed by atomic lines of C*, free-
bound continua of C*, and molecular band spectra of CO 4+ and
C, Swan systems in the flight conditions under consideration.

In Fig. 12, spectral distribution of the absorption coefficient at
a 0.47-mm distance from the wall is shown. In the flight condi-
tions tested in this study, continuous absorption by molecular band
systems of CO 4+, H, Lyman, and H, Werner, and by bound-free
transitions of C, O, and H is dominant, in addition to line absorption
of C and H. Because C;, C,, and H,O are minor species existing
only within a short distance from the wall, their contribution to ab-
sorption of the radiative heat flux was found to be negligibly small.

D. Stagnation-Point Heat Transfer Rate

The stagnation-point heat flux calculated with different conditions
is summarized in Table 6. The cold-wall heat flux calculated for an
imaginary fully catalytic wall (FCW) without ablation is also shown
for comparison. A considerable reduction of the radiative heat flux
is predicted by the radiation-coupled calculation even in the absence
of ablation. In contrast, no reduction of the convective heat flux is
brought about in the FCW case. This is because heat of formation
due to recombination of the active species is most responsible for
the convective heat transfer rate in the FCW case. The convective
heat flux is found to be considerably reduced by ablation, as seen in
Table 6.

Both in the radiation-coupled and uncoupled results, the radiative
heat flux is almost independent of the wall temperature, whereas
the convective heat flux decreases slightly as the wall temperature
is elevated. In the radiation-uncoupled calculation, in general, the
convective heat flux is underestimated, whereas the radiative heat
flux is considerably overestimated, resulting in an overestimation of
the total heat transfer rate. An increase of the pyrolysis-gas injection
rate decreases the convective heat flux considerably, but the radiative
heat flux only sightly, in the range of the pyrolysis-gas injection rate
tested in this study.

V. Influences of Model Uncertainties

A. Tested Models

In Ref. 30, uncertainties in the thermal and chemical kinetic mod-
els for areacting CO,—N, mixture are discussed, and their influences
on the computed radiative heat flux are examined. It was shown that,
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Table 6 Stagnation-point heat transfer rates obtained by radiation-coupled and uncoupled calculations with different
conditions, in megawatts per square meter

n,=0.1kg/m? s

i, =0.3 kg/m? s

FCW without ablation

Uncoupled Coupled Uncoupled Coupled Uncoupled Coupled

Tw (K) e qr 9e qr 9e qr 9e qr e qr 9e qr

300 —_— —_— _— —_ —_— —_— —_— —_— 16.2 14.3 16.1 9.7

2750 6.8 12.0 7.7 8.5 5.1 114 5.8 8.1 —_ — _—

3000 6.6 12.0 7.5 8.5 4.6 11.2 5.4 8.0 —_— _ —_— —_—

3250 6.4 12.1 7.3 8.5 4.4 11.2 5.2 8.0 —_ —_ e —_
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Fig. 8 Comparison between distributions of a) temperatures and b)
dominant chemical components along stagnation-point streamline in
radiation-coupled and uncoupled calculations.

among such kinetic processes with uncertainties, dissociation of CO
makes an significant impact on the computed radiative heat transfer
rate. This is because the radiative heat flux depends on concentra-
tions of the primary gas components, C, O, and CO, as seen in
Fig. 10.

In Ref. 31, the rate coefficients of CO dissociation determined by
different experiments are found to be scattered considerably by the
order of magnitude. Recommended rate coefficients were deduced
in Ref. 10 from the reaction rate measured in Ref. 32 for M = Ar
at 10,000 K, with an assumption that the third-body efficiencies for
M = atoms and molecules are 10 and 15, respectively. The dissoci-
ation rate coefficients so determined were demonstrated in Ref. 10
using the experimental data of Refs. 33 and 34 in terms of radiation
intensity of the CO 44 and C, Swan system, respectively. Unfortu-
nately, no published data are available to make a thorough reexam-

Fig. 9 Spectra of a) forward and b) backward radiative heat flux for
T,, =3000 K and rit, = 0.3 kg/m? - s.

ination of the dissociation rate coefficient. Note that the third-body
efficiencies are found to be identical among CO, C, and O in Ref. 34.
From the preceding discussions, we consider that the rate coefficient
of CO dissociation has an uncertainty of an order of magnitude. In
Ref. 30, a significant increase in the radiative heat transfer rate was
brought about in the absence of ablation and radiative heat transfer
when the dissociation rate coefficient multiplied by 0.25 was tested.
In this study, we test this dissociation rate in the presence of ablation
and radiative heat transfer.

The rate coefficients for the reactions 22 and 23 in Ref. 12 are
replaced in this study with new ones based on the experimental
measurements.'8=2° To examine influences of these reaction rates
on the thermochemical behavior of ablation gases and on the heat
transfer rate, comparative calculations are also made using the rate
coefficients given in Ref. 12.
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B. Tested Results

The stagnation-point heat transfer rates calculated by different
rate coefficients are summarized in Table 7. When the CO dissoci-
ation rate was slowed down by 0.25, it was necessary to update S,
at every 2000 steps of the CFD calculation to obtain a converged
solution. This is because radiative heat transfer had much stronger
effects on the shock-layer flow. The decrease of the CO dissociation
rate by 0.25 increases the stagnation-point radiative heat flux by
50%, as shown in Table 7. This is because, as shown in Figs. 13a
and 13b, the region in which the vibrational—-electronic temperature
is locally elevated appears behind the shock wave, though concen-
trations of the illuminant chemical species, C and O, are reduced in
this region. The increase of the vibrational temperature is brought
about by deceleration of vibrational energy removal along with dis-
sociation in comparison to the vibrational relaxation.

In contrast to the dissociation of CO, changes in rate coefficients
for reactions 22 and 23 have only little influence on the stagnation-
point heat transfer rate, as seen in Table 7. However, as shown in
Figs. 14a and 14b, the rate coefficients taken from Ref. 12 overesti-
mate the concentration of H and C; and underestimate that of C, O,
CO, C,, and C,H on the wall surface. The increase of H and C; in
the vicinity of the wall increases absorption of the radiative heat flux
in vacuum-ultraviolet wavelengths, whereas the decrease of CO and
C decreases absorption conversely. For this reason, the small differ-
ence between the stagnation-point heat transfer rates calculated by
different rate coefficients seems to be accidental.

Note that the rate coefficients forreactions 5, 11, 13, and 21, which
may control the distribution of chemical components originating
from sublimation of the heatshield and pyrolysis-gas injection, are
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Table 7 Stagnation-point heat transfer rates obtained by radiation-coupled and uncoupled calculations for
different conditions, in megawatts per square meters

n, = 0.3 kg/m? - s

FCW without ablation®

Uncoupled Coupled Uncoupled Coupled
Modification qc qr qc qr qc qr qc qr
CO dissociation rate x 0.25 4.6 17.5 6.0 12.0 16.3 22.8 16.6 15.2
Rate of reaction 23 from Ref. 12 4.6 11.3 5.3 8.2 _ _ —_ —_
Rate of reactions 22 and 23 from Ref. 12 4.6 11.3 5.3 8.2 e —_— —_— —_—

ATy =3000 K. °Ty =300 K.
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\\‘ solid line : original rates
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Fig. 14 Influence of rate coefficients for reactions 22 and 23 on dis-
tribution of chemical components along stagnation-point streamline,
T,, =3000 K and rit, = 0.3 kg/m? - s.

the ones that were only estimated from analogous reactions in Refs. 9
and 12 without experimental verification. To perform more reliable
calculations of radiative heat transfer with absorption by ablation
gases involved, it is necessary to improve the chemical kinetic mod-
els for ablation gases, especially in such flight conditions where the
radiative heat transfer plays a dominant role in shock-layer flows.

VI. Summary

An assessment of the stagnation-point heat flux to the Venusian
entry capsule in the Venusian trail balloon mission was made at the
peak-heating point with the nonequilibrium thermochemistry, abla-
tion, and radiative heat transfer taken into consideration. The radia-
tion code was improved for Venusian entries and radiation-coupled
flowfield calculations by a line-by-line method. Considerable in-
fluences of radiative heat transfer on thermochemical behavior of
the shock-layer flows are found. The convective and the radiative
heat transfer rates obtained by radiation-coupled calculation are 13—
18% larger and 28-30% smaller than those obtained by uncoupled

calculation, respectively. Atomic line spectra of C and O are most
responsible for the radiative heat flux. In contras, atomic bound-free
transitions and molecular band systems of CO 4+, H, Lyman, and
H, Werner are the dominant sources of continuous absorption in
the vicinity of the wall. The rate coefficient of CO dissociation is
found to make a significant impact on the computed convective and
radiative heat fluxes.
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