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Response of Heatshield Material at Stagnation
Point of Pioneer-Venus Probes

Hyo-Keun Ahn,¤ Chul Park,† and Keisuke Sawada‡

Tohoku University, Sendai 980-77, Japan

The ablation, pyrolysis gas formation and removal, and heat conduction phenomena at the stagnation point of
the heatshield for the four Pioneer-Venus probe vehicles are calculated. The motionof the pyrolysisgas is calculated
by solvingthe mass and momentum equations for the gas, accounting for friction and inertial forces. The developed
computer code gives satisfactory results when applied to two ground-based cases and one � ight-test case. For the
calculation of the Pioneer-Venus � ight cases, recently calculated values of convective and radiative heating rates
are used. Good agreement is seen in thermocouple temperature for the day probe and north probe for which the
entry angle and � ight trajectory are known. For the night probe and large probe, for which entry angle and � ight
trajectory are unknown, agreement is poor.

Nomenclature
B = activation temperature,K
cp = speci� c heat, J ¢ kg¡1 ¢ K¡1

d = thickness of heatshield,m
e = internal energy, J/kg
f = friction force per unit volume, N/m3

K = permeability,m2

M = mass of entry body, kg
p = pressure
R = pyrolysis rate, kg ¢ m¡3 ¢ s¡1

RN = nose radius, m
s = distance along surface from stagnation point, m
T = temperature,K
t = time, s
u = velocity, m/s
x = distance from inner boundary, m
° = � ight angle, deg
" = void fraction
· = conductivity,W ¢ m¡1 ¢ K¡1

¹ = viscosity, N ¢ s/m2

½ = density, kg/m3

½ p = intrinsic density of phenolic resin, kg/m3

Subscripts

c = char
g = pyrolysis gas
i = inner boundary
j = index for computational node
r = resin
s = solid
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v = virgin
w = wall

Introduction

I N 1978, four probe vehicles, named day probe, north probe,
night probe, and large probe, entered the atmosphere of Venus

at a nominal entry speed of 11.5 km/s (Ref. 1). The vehicle had a
sphere–conegeometrywith a conehalf-angleof 45deg.The vehicles
were thermally protected by a heatshieldmade of carbon–phenolic.
At or near the stagnationpoint and at a point close the frustum edge
on all of these four vehicles, a thermocouple had been imbedded at
a depth of 3–4 mm. All thermocouplesfunctioned,and the tempera-
turehistoriesof all of these thermocoupleshavebeenreceived.Entry
angles for these four vehicles ranged from about ¡25 to ¡70 deg.
For the day probe and north probe, the accelerometers functioned
also. From the accelerometer data, the trajectories of these two ve-
hicles have been reconstructed. For the other two probes, the in-
tended entry angles are known, but the actual entry angles or their
� ight trajectories are unknown because the accelerometers did not
function.

In 1980, Wake� eld and Pitts2 attempted to numerically recon-
struct the thermocouple data for the day probe and north probe us-
ing the materials responsecodecharringmaterialsablation(CMA).3

They used the then best availablecalculatedvalues of the combined
convectiveand radiativeheating rates.4;5 The calculatedthermocou-
ple temperature values rose to unrealistically high values for both
the stagnation point and the frustum edge.

Recently, Park and Ahn6 reevaluatedthe convectiveand radiative
heatingrates for the fourprobesat the stagnationpoint.Their heating
rate valuesare substantiallylower than the valuesused by Wake� eld
and Pitts.2

It is the purpose of the present work to reevaluate the material
response of the Pioneer-Venus vehicles using the newly derived
heating rate values of Park and Ahn.6 The calculated thermocouple
temperature values are compared with the � ight data.

When thepresentcalculationof material responsefor the Pioneer-
Venus vehicles is carried out, one modi� cation is made to the
CMA code used by Wake� eld and Pitts.2 The CMA code used by
Wake� eld and Pitts assumes that the � ow of the pyrolysis gas pro-
duced within the heatshieldmaterial is in a steady state even though
the rate of advance of the pyrolysis zone is different from that of
the receding surface. This assumption eliminates the need to solve
for the motion of the pyrolysis gas inside the material. However,
because of the relatively steep entry angles, the heating pulses for
those vehicles were sudden and, therefore, it is not a priori evident
that this assumptionof steady-statepyrolysisgas � ow is valid for the
Pioneer-Venus probes.
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The method of treating the motion of the pyrolysis gas has been
studied beginning in the 1960s.7¡11 The method is implemented in
the presentwork in a form suitable for computational� uid dynamic
(CFD) calculation. The permeability of ablative materials, which
mustbe speci� ed in calculatingthemotionofpyrolysisgas, is known
for some materials.12¡14 The present work uses interpolationof the
existing data to estimate the permeability values for the Pioneer-
Venus vehicles.

The modi� ed CMA code, Super CMA (SCMA), is � rst applied
to two laboratory conditions. Good agreement is found between
the calculated and measured surface temperatures. Comparison is
made also against an alternate method of computing the materials
response, the heat balance integral (HBI)15 method, for a � ight-test
case.The treatmentof physicalphenomenain the HBI method is the
same as in CMA, except that the thickness of the pyrolysis zone is
assumed to be in� nitesimally small. Good agreement is also found
here.

The results of the present work for the Pioneer-Venus vehicles
show that the thermocouple temperatures calculated for the day
probe and north probe agree with the � ight data, although the onset
of the temperature rise is earlier by about 2 s. The possible rea-
son for the 2-s discrepancy is surmised. For the night probe and
large probe, for which the entry angle and � ight trajectory are un-
known, the calculated thermocouple temperatures are higher than
the � ight data, and the onset of the temperature rise is earlier by
about 5 s.

Governing Equations
For planetary entries, the body dimensions are much larger than

the thicknessof the heatshield.As a result, the ablationphenomenon
can be safely considered to be one-dimensional. Also, the rate of
ablation is much smaller than the velocity of the pyrolysis gas.
Therefore, the recession of the surface is ignored in the govern-
ing equations for the pyrolysis gas. Recession is accounted for by
redrawing the coordinates after each time step. The temperature of
the pyrolysis gas is taken to be the same as the temperature of the
solid at the given position.

The dependent variables of the problem are solid density ½s , gas
density ½g , pyrolysis gas velocity u, solid internal energy per unit
mass es , gas internal energy per unit mass eg , and temperature T .
The solid quantities are divided into those of char and resin, that is,
½c vs ½r and ec vs er , respectively. Resin density is the difference
between the solid and char densities. The void fraction " is related
to the char density and solid density by

" D "max C .½c ¡ ½s/=½ p (1)

where "max is the maximum value in the char state and ½ p is the in-
trinsicdensityof the resin.McManus and Springer8 studied thermo-
mechanical behavior of carbon–phenolic and carbon–carbon com-
posites.The quantities"max and ½p are deducedfrom that work using
the data in Ref. 2 as "max D 0:1788 and ½p D 1763:6 kg/m3. Then
the governing equations become

@½r

@t
D ¡R (2)

@

@t
."½g/ C @

@x
."½gu/ D R C D (3)

@

@t
."½gu/ C

@

@x

¡
"½gu2 C "p

¢
D ¡" f C I (4)

@

@t

³
½cec C ½r er C "½geg C 1

2
"½gu2

´

C
@

@x

µ
"u

³
½geg C

1

2
½gu2 C p

´¶
D

@

@x

³
·

@T

@x

´
(5)

The four equations are for solid mass, gas mass, gas momentum,
and total energy conservation, respectively. Here p and f are the
pressure and friction force of the pyrolysis gas, respectively. D is

the rate of change of pyrolysis gas density by diffusion, and I is
inertial force.

Friction Force

The friction force is obtained from the empirical relationship
between velocity of the � ow and permeability in a steady � ow16:

f D .¹=K /u (6)

To obtain the viscosity of the pyrolysis gas, the equilibrium com-
position of the pyrolysis gas is examined in the temperature range
from 500 to 4000 K and pressure range from 1 to 10 atm. To within
an accuracy of 0.1%, the pyrolysis gas is found to consist of H, H2,
CO, and CH4. The pyrolysis gas is considered to be a mixture of
two components:component1 consistingof the H–H2 –CO mixture
and component 2 consistingof CH4 . The viscosity of the � rst com-
ponent is calculated using the collision integrals given in Ref. 17
and using Eq. (4.35) in Ref. 18. The viscosity of the second compo-
nent is taken from Ref. 19. These two viscosityvaluesare combined
through the use of the mixture rule20 to obtain the viscosity of the
whole mixture. The resulting viscosity values are � tted by

¹ D 2:525 £ 10¡5.T=500/0:769 (7)

Recently, experiments for gas permeability of thermal protection
materials were conducted. Marschall and Milos21 demonstrated in
their experiment that the pressure dependence of gas permeability
can be represented by the Klinkenberg formulation and expressed
the effective permeability in the form

K D K0.1 C b=p/ (8)

where K0 is the gas permeability in the limit of continuum � ow
and b is permeability slip parameter. From the experimental results
of Marschall and Cox14 for phenolic impregnated carbon ablator
(PICA)andsiliconeimpregnatedreusableceramicablator(SIRCA),
one knows that the effectivepermeability is nearly constant for both
virgin and char at pressures over 0.2 atm. In present work, the ef-
fective permeability is expressed by void fraction in the form

K D C"n (9)

where C is a coef� cient dependenton gas pressure.When the exper-
imental results of Marschall and Cox are � tted for pressures above
0.2 atm and the transverse and in-plane orientation values are aver-
aged, the values of C and n are determined to be 9:78 £ 10¡11 m2

and 0.381, respectively.

Diffusion

The mass � ux, permeability,and pressureof the pyrolysisgas are
related by the Darcy’s law (see Ref. 16), which can be written in the
form
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The negativeof the divergenceof the right-handside, while holding
the K ; ¹, and "½g constant,expresses the rate of change of pyrolysis
gas density caused by the spatial nonuniformity in the pyrolysis gas
pressure, that is, diffusion. Thus, the expression
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represents the diffusion term in the right-hand side of Eq. (3).

Inertial Force

Deviation from Darcy’s law is observed when the velocity of
the diffusing medium is high, that is, when the Reynolds num-
ber based on the pore dimensions is greater than 3 (see Refs. 7
and 16). This is due to the inertial contribution to the momentum
balance. In Ref. 12, this effect is represented as the second term
in the so-called Cornell–Katz equation. The coef� cient of this term
has never been measured for the heatshieldmaterial for the Pioneer-
Venus vehicles. In the present work, the theoretical approach of



434 AHN, PARK, AND SAWADA

Ward22 for rough surfaces, which is believed to be equivalent, is
adopted:

I D 1:222
¡
1
¯p

K
¢
½u2 (12)

Thermophysical Properties
Solid Property

The speci� c heat of solid carbon char was obtained from JANAF
tables23 and � tted by a curve in the form

cp.T / D c1z4 C c2z3 C c3z2 C c4z C c5 (13)

where z D log10 T , c1 D ¡6:5, c2 D ¡143:7, c3 D 706:7, c4 D
1835:0, and c5 D ¡5700.

Potts shows that the thermal conductivity of carbon–phenolic
varies over a wide range.24 The thermal conductivity can be ex-
pressed either in a weighted form between virgin and char or in a
uni� ed curve.9;10;24;25 In this study, a uni� ed curve is used to � t the
experimental data given by Wake� eld and Pitts,2 in the form

log10 ·.T / D aT 2 C bT C c (14)

where a D ¡6:5 £ 10¡8 , b D 0:5 £ 10¡3, and c D ¡0:1.
The expression for the pyrolysis rate R is obtained by modifying

the expression given in Ref. 2. In Ref. 2, R is given by two dif-
ferent expressions below and above 622 K. These expressions do
not reach zero when the resin is totally depleted.The more accurate
form9;11;24¡26 producing zero value at resin depletion is
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A two-legged expression, N D 2, is used here to correspond to the
two-tiered expression of Ref. 2. The constant n is taken to be 2, a
commonlyused value.9;11;26 The activationenergy is takenalso from
Ref. 2 to be Bk D 3544 and 19,680 K for k D 1 and 2, respectively.
The constant A is � tted to the values given by Ref. 2 at the midpoint
of pyrolysis to be Ak D 677:0 and 1:64 £ 109 s¡1 for k D 1 and 2,
respectively.

Pyrolysis Gas Properties

According to Ref. 2, the virgin and the char used for the
Pioneer-Venus mission had a density of 1490 and 1240 kg/m3,
respectively. The elemental composition of the resin was given
as C:H:O D 0:4196:0.1676:0.4128 by mass, or 1.3527:6.4457:1by
mole. The pyrolysisgas is consideredhere to consistof C, CH, CH2,
CH3 , CH4 , CO, CO2, C2, C3, H, HO, H2O, O, and O2. It is assumed
to be in equilibrium at the local solid temperature. The equilib-
riumgas propertiesare obtainedby interpolatingthe equilibriumgas
tables. The standard energy of formation of this gas is found to be
1:141 £ 107 J/kg.

The energy of pyrolysis is reported2 as 3:72 £ 105 J/kg of virgin
material. The standard energy of formation of the resin is deduced
from this value, and the known formation energy of the pyrolysis
gas is 2:2 £ 106 J/kg.

Solution Procedure
Numerical Scheme

The four governingequationsare separated into two groups,solid
phase and gas phase. The two sets of equations are solved in a
loosely coupled manner. For each group, integration is made fully
implicitly in time. The time step chosen for the integration of the
solidphase is between0.01and0.1 s dependingon the rate of change
of the heating rate, whereas that for the gas phase is chosen between
10¡3 and 10¡4 s. A second-order differencing in space and a � rst-
order differencing in time was applied to yield the implicit � nite
difference.Representing the equations set by
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where the coef� cients of 1U and right-hand side are evaluated at
the n-time level. The resulting algebraic equation set is solved by a
block-tridiagonalmatrix inversion method. A Courant–Friedrichs–

Lewy (CFL) number of up to 1000 is used for the integration of
the gas-phase equations.A 10–100 time step integration of the gas-
phase equations enabled the gas-phase integration to catch up with
the solid-phase integration.

Boundary Conditions

The boundary condition at the inner boundary is imposed as fol-
lows: The solid mass equation (2) does not require a boundary con-
dition. For the gas mass equation (3), an equation is derived by
dropping the temporal term on the left-hand side, and the diffusion
term in the right-hand side speci� es the boundary condition. For
the momentum equation (4), the condition of zero velocity is im-
posed. For the energy equation (5), an adiabatic condition, that is,
an insulated wall condition, is imposed.

At the outer boundary, the solid mass equation (2) is unaffected.
The condition for pyrolysis gas mass, Eq. (3), is obtained from the
equilibriumconditionfor the pyrolysisgas at the given surface pres-
sure and temperature.For the momentum equation (4), no boundary
condition is necessary at the outer boundary because the resulting
ordinary differential equation is of � rst order in space and because
one boundary condition is already imposed at the inner boundary.
Finally, for the energy equation, the wall slope of temperature is
speci� ed to correspond to the given wall heat transfer rate. The
boundary conditions at both boundaries are treated implicitly in
time with a second-order spatial accuracy.

The developed computer code SCMA is written in the form of a
subroutine. It is run in a loosely coupled manner with the trajectory
calculation.

Results and Discussion
Solution of Pyrolysis Gas Flow

As alreadymentioned,the two sets of the governingequationsare
solved in a loosely coupled manner. Integration timescales applied
to each set of equationsare different.One timescale is for describing
the change in the trajectoryand, therefore,heatingrate, and the other
is for the CFD solution of the pyrolysis gas.

The method of solving the gas � ow is the same as in standard
CFD. The gas � ow� eld is initialized with the surface pressure in
every solid-phase time step. The CFL number for the gas-phase
integrationis kept to 1000.Calculationof the gas phase is continued
until 1) the gas-phase time step catches up with the solid-phase
time or 2) the L2 norms of the mass and momentum equations
reach 10¡5 at the same time. The latter is reached typically after
about 50 iterations for low temperature and pressure and about 500
iterations for high temperature and pressure. The computing time
used is about 2 £ 10¡4 s per iteration and per node point in an
IRIS R10000 workstation.

Arc-Jet Data by Wake� eld and Pitts

The developedSCMA code was validatedagainst the experiment
conducted in an arc-jet wind tunnel by Wake� eld and Pitts.2 In the
test, a carbon–phenolic test specimen was exposed to 1400 W/cm2

of convective heat transfer rate for 5 s in an air� ow. The surface
pressure and � ow enthalpy are given as 0.22 atm and 23,300 J/g,
respectively. The nose radius is set to be 1.0 cm in this validation.
This selected nose radius is consistent with the given pressure and
enthalpy values. The thickness of the model is unknown and is
taken to be 1 cm. The propertiesof the carbon–phenolicused in that
experiment are the same as those used in the present work.
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Fig. 1 Comparison between the surface temperature measured in an
arc-jet experiment by Wake� eld and Pitts2 and the calculation by
Wake� eld and Pitts using CMA and by the present method.

Fig. 2 Comparison between the mass loss measured in an arc-jet ex-
periment by Wake� eld and Pitts2 and the calculation by Wake� eld and
Pitts using CMA and by the present method.

The heating rate value of 1400 W/cm2 was presumed, calculated
using the formula of Fay and Riddell27 and con� rmed by the use of
a copper calorimeter. The true heating rate of an ablating model is
different from 1400 W/cm2 because of the surface oxidation with
atomic oxygen, sublimation, convective blockage, and wall radia-
tion. The true heating rate is calculated in the present work to be
1300 W/cm2 initially and to decrease to the � nal value of about
600 W/cm2. The calculated results of surface temperature and mass
loss are compared with the experimental data and the CMA result
in Figs. 1 and 2. As seen here, the present result agrees with the
experiment data and with the calculation by Wake� eld and Pitts2

obtained with the CMA code. The calculatedmass loss contains the
in� uence of oxidation at surface.

Comparison with HBI Result

The SCMA code was also validated through a comparison of its
solutionswith HBI results.15 The test case is a 40-s � ightof a conical
reentry vehicle of small cone half-angle from an altitude of 90 to
0 km. The cold wall heating rate, recovery enthalpy, and pressure
are described in Table 1 in Ref. 15. The heat � ux in the 0–22-s time
span is for laminar � ow, and that after 23 s is for turbulent � ow.
Figure 3 shows a comparison of the surface temperaturescalculated
by HBI and the present method. There are three solutions under
HBI: heat balance integral–quasi-steady charring (HBI-QS), heat
balance integral–generalizedcubic, generalizedcharring (HI-Gen),
and � nite difference method (FDM).15;25 In the two HBI methods,
the solution is obtainedby a spatial integrationof temperatureequa-
tion, whereas in the FDM, the solution is obtained by differencing
the temperatureequation.As shownin Fig.3, the resultof thepresent

Table 1 Characteristics of Pioneer-Venus probe vehicles

Probe M , kg RN , m ° , deg Entry time

Day 76.9 0.18 ¡25.4 1855:31.0
Night 76.9 0.18 ¡41.5 1859:19.2
North 76.9 0.18 ¡68.7 1852:52.8
Large 299.3 0.355 ¡32.4 1848:44.9

Fig. 3 Comparison between surface temperature calculated by
FDM,15 HBI method,15 and present method.

Fig. 4 Comparison between surface temperature measured and cal-
culated by Sutton28 and calculated by the present method.

method agrees fairly well with those of HBI, except that the present
peak value is slightly higher.

Arc-Jet Data by Sutton

Further comparison is made with the arc-jet data obtained by
Sutton.28 In this experiment, the stagnation pressure and enthalpy
were 0.31 atm and 25.05MJ/kg.The cold-wallheat transfer rate was
14.2 MW/m2. Calculated surface temperature values are compared
with theexperimentaldata and thecalculationbySutton in Fig. 4. As
shown in Fig. 4, the present result agrees well with the experimental
data and with the calculation by Sutton. The surface recession is
compared in Fig. 5. As seen here, the present method also results in
an excellent agreement with the experimental data for the surface
recession.

Pioneer-Venus Heating Environment

The presentmethod is used in numerically recreating the thermo-
couple data obtained during the � ights of the four Pioneer-Venus
probe vehicles.1;2;29 The relevant characteristicsof the four vehicles
are presented in Table 1. All four vehicles are believed to have en-
tered at 11.537 km/s at the altitude of 200 km. However, the times
for passing the 200-km point are different, as shown in Table 1. The
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Fig. 5 Comparison between recession length measured and calculated
by Sutton28 and calculated by the present method.

Fig. 6 Comparison between the velocity history calculated from ac-
celerometer data1 and present calculation for the Pioneer-Venus day
and north probe.

forward thermocouples were located at s=RN D 0:3 for the three
small probes, slightly off the stagnation point for each of the small
probes,and s=RN D 0 for the largeprobe.They were placed 0.59 cm
away from the inner boundary of the heatshield for all probes.2 The
numerical reconstructionof thermocoupletemperature for theseve-
hicles is made in the present work only for the stagnation region.
This is because the turbulence characteristics affecting the heating
rate at the downstream point are not known.

The convectiveheat � ux for the stagnationregion of the Pioneer-
Venus probes are calculatedusing a viscous shock layer method by
Park and Ahn.6 In this method, � nite-rate chemical reactions are
assumed for both the gas phase and for gas–surface interactions.
Injection of pyrolysis gas is accounted for separately from vapor-
ization of the char surface. Radiative heating rate is calculated line-
by-line, including the effect of absorption by the ablation product.
This method, among others, yields the convective blockage factor
in the form of an empirical curve � t.

The � ight velocities of the day and north probes were deduced
from the accelerometer data described in Ref. 1. The deceleration
data were digitized in the � ight times between 14.86 and 31.8 s for
thedayprobeand8.84 and18.34s for thenorthprobemeasuredfrom
the altitudeof 200 km (see Figs. 3 and 4 in Ref. 1). The deceleration
data were extrapolated linearly from t D 0 to the digitized times.
The accelerometer data are not available for the night and large
probes. Therefore, their trajectories are calculated here from the
given initial altitude, velocity, and � ight-path angle assuming zero
angleof attack. The drag coef� cient necessaryfor this calculationis
taken from Ref. 1. In Fig. 6, the results of the trajectory calculation
are compared with the � ight data. For the day and north probes, the
present calculation agrees well with the accelerometer data.

Fig. 7 Net heating rates calculated using Wake� eld and Pitts cold wall
heating rates and by the present work for the stagnation point of the
Pioneer-Venus probes.

Fig. 8 Distribution of solid density and temperature within the heat-
shield at t = 27 s for day probe calculated by the present method.

In Fig. 7, the net heating rate values, that is, the sum of convective
and radiative � uxes minus wall radiative cooling, are compared.
The dashed line represents the net heating rate values calculated
by the present method with the Wake� eld and Pitts2 wall heating
rate. The solid line indicates the net heating rate values calculated
by the present method. As seen, the present values are lower than
the Wake� eld and Pitts value.

Pyrolysis Gas Behavior for Pioneer-Venus

Figure 8 shows the solid density and temperature variations at
t D 27 s for the day probe. At about t D 27 s, the thermocouple tem-
peratureis at its peak.Pyrolysisdoes not occur in the regionbetween
X D 0 and 0.55, and the char is formed in the range X > 0:75. The
thicknessof the pyrolysiszone is about20% of heat shield thickness
at t D 27 s. The temperatureat the innerboundaryis changedslightly
from its initial value at that time. The temperature distributionhas a
peak curvature at about X D 0:6 and at X D 0:80. The negative cur-
vatureat X > 0:80 implies that the surface temperatureis decreasing
at this time point. The temperature at the inner wall is virtually un-
changed. This means that, for this case, the boundary condition for
the temperature equation at the inner boundary is immaterial.

Figure 9 shows the gas pressure inside the heatshield of the
Pioneer-Venus day probe. The gas pressure rises and is nearly con-
stant in the inner region. The region in which the pressure varies
abruptlycoincideswith the pyrolysiszone in which the void fraction
changes. Pyrolysis gas pressure reaches up to about 30 atm. Such a
high internal pressure may induce spallation.Shia and McManus30

showed that the internalgas pressurein carbon–phenoliccan be high
more than 30 atm.
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Fig. 9 Gas pressure inside heatshield of the Pioneer-Venus day probe.

Fig. 10 Pyrolysis gas injection rates for Pioneer-Venus probes.

Fig. 11 Pyrolyzing behavior of the heatshield for north and day
probes.

Figure 10 shows the pyrolysis gas injection rates for the four
vehicles. When the pyrolysis gas injection rates calculated in the
present work are integrated over the � ight time and wetted surface
of the four probes under the assumption of a uniform ablation rate,
themass lossesby the pyrolysisgas injectionare0.616,0.585,0.595,
and 2.2 kg for the day, night, north, and large probes, respectively.

Figure 11 shows the temporal variation of the char front and
the pyrolysis front in the material for the north and day probes.The
pyrolysiszone shownin Fig. 11 is de� nedas thezoneboundedby the
two limits: The lower limit is where the solid density is greater than

the char density by 0.6%. The upper limit is where the solid density
is lower than the virgin density by 0.6%. The pyrolysis occurs at
about 8 and 18 s for the north and day probes and is followed by the
charringafter few seconds.The pyrolysiszonegrows with time.The
advancementof the char front stops when the heating pulse is over.
However, the pyrolysis front continues to advance. The pyrolysis
zone becomes ever wider thereafter.

Pioneer-Venus Thermocouple Data

The heating rates for the day and north probes were calculatedby
Wake� eld and Pitts2 using the method of Zoby et al.4 and of Falanga
and Olstad.5 The heating rates were calculated therein2 assuming
thermochemical equilibrium and steady-state ablation. Calculation
of thermocouple temperature is performed here using the present
method, � rst using these heating rates. The results are shown in
Figs. 12 and 13 and are compared with the calculationby Wake� eld
and Pitts.2

As seen in Figs. 12 and 13 and mentioned in the Introduction,
the calculation by Wake� eld and Pitts2 predicted the temperatures
to exceed the melting point of the thermocouples. In comparison,
the present results with the same heating rates show maximum tem-
peratures to be below the melting temperature.

The foregoing calculation was repeated with the heating rates
given by Park and Ahn.6 The calculatedthermocoupletemperatures
are comparedwith the � ight data for day and northprobes in Figs. 12
and 13. As seen in Figs. 12 and 13, the present method based on
the heating rates by Park and Ahn yields better agreement than the

Fig. 12 Comparison between the calculated and measured tempera-
ture history for the thermocouple located 0.41 cm deep in the stagnation
region of the Pioneer-Venus day probe, ° = ¡ ¡ 25.4 deg.

Fig. 13 Comparison between the calculated and measured tempera-
ture history for the thermocouple located 0.41 cm deep in the stagnation
region of the Pioneer-Venus north probe, ° = ¡¡ 68.7 deg.
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calculation by Wake� eld and Pitts2 or the present method using
Wake� eld and Pitts heating rates. In particular, the present method
produces slopes and peak values closer to the � ight data, although
the points of onset of temperature rise do not agree with the � ight
data.The slopesigni� es the rate of energytransfer.The agreementof
calculated slopes with those in-� ight implies that the rate of energy
transfer is correctly modeled in the present method.

For both the day probe and north probe, there is a tendency to
predict the onset of thermocouple temperature rise to be earlier by
about2 s. This may beattributedto the heat transferphenomenonoc-
curringwithin and around the thermocouplejunctions.Even though
tests were conducted before the launch of the Pioneer-Venus mis-
sion to verify proper functioning of the thermocouples, those tests
could not correctly reproduce the high and sudden heating pulses
encountered in the actual entry � ight into Venus. Thus, by forgiv-
ing the 2-s error in the onset of temperature rise, the present results
should be viewed to be in a good agreement with the � ight data.

In Figs. 14 and 15, the calculated thermocouple temperatures
for night and large probes are compared with the � ight data. The
present resultsare higher than the � ight data.The disagreementseen
in Figs. 14 and 15 for night and large probes may be attributed to
the error in the entry trajectory. As mentioned, for the night and
large probes shown in Figs. 14 and 15, the accelerometerdata were
absent, and the � ight trajectory was constructedin the presentwork
from the entry angles assuming zero angles of attack.

There may also exist another possible reason for the discrepancy
in the onset of temperature rise. In Ref. 2, it is stated that the probe
passage time through 200-km altitude is not in complete agreement

Fig. 14 Comparison between the calculated and measured tempera-
ture history for the thermocouple located 0.41 cm deep in the stagnation
region of the Pioneer-Venus night probe, ° = ¡¡ 41.5 deg.

Fig. 15 Comparison between the calculated and measured tempera-
ture history for the thermocouple located 0.41 cm deep in the stagnation
region of the Pioneer-Venus large probe, ° = ¡ ¡ 32.4 deg.

Fig. 16 Calculated surface recession for the stagnation point of
Pioneer-Venus probes.

among the four vehicles. The extent of the possible clocking errors
is investigated as follows. In the original data, the reference entry
altitude is 200 km for all four probes. The reference entry altitude
is changedarbitrarilyuntil the calculatedvalues agreed closest with
the � ight data. The changed initial entry altitudesare 210, 235, 217,
and 213 km for the day, night, north, and large probes, respectively.
The corresponding time discrepancies are about 0.87, 3.03, 1.47,
and 1.13 s for the day, night, north, and large probes, respectively.

The calculated surface recession at the stagnation point due to
vaporization is presented in Fig. 16. Of the four probes, the day
probe is ablated most severely. If ablation occurred over the en-
tire heatshield surface uniformly at the same rate as the calculated
stagnation point values, then the mass loss by vaporization would
be 1.5, 1.27, 1.054, and 3.6 kg for the day, night, north, and large
probes, respectively, when heating is � nished. The calculated total
mass losses of each probe vehicle including the effect of the pyrol-
ysis injection are 2.75, 2.41, 2.14, and 1.94% of the initial mass for
the day, night, north, and large probes, respectively.

Conclusions
A computer program for the analysis of charring materials abla-

tion, SCMA, is developed by modifying the methodology used in
the existing CMA code or the HBI method to account for the un-
steady motion of the pyrolysis gas, diffusion, friction, and inertial
forces. The code reproduces the results obtained using CMA and
other codes and the results of laboratory and � ight experiments.For
the day probe and north probe of the Pioneer-Venus mission, for
which the entry angle and � ight trajectory are known, good agree-
ment is seen between the present calculation and the � ight data.
For the night probe and large probe, for which entry angle and tra-
jectory are unknown, the calculated thermocouple temperatures are
substantiallyhigher than the � ight values, and the onset of their rise
is substantially earlier than the � ight values.
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