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Mars Pathfinder Trajectory Based Heating
and Ablation Calculations
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The Mars Pathfinder probe will enter the Martian atmosphere at a relative velocity of 7.65 km/s. The 2.65-m-diam
vehicle has a blunted, 70-deg-half-angle, conical forebody aerobrake. Axisymmetric time-dependent calculations
have been made using Gauss-Seidel implicit aerothermodynamic Navier-Stokes code with thermochemical surface
conditions and a program to calculate the charring-material thermal response and ablation for heating analysis
and heat-shield material sizing. The two codes are loosely coupled. The flovvfield and convective heat-transfer
coefficients are computed using the flowfield code with species balance conditions for an ablating surface. The time-
dependent in-depth conduction with surface blowing is simulated using the material response code with complete
surface energy-balance conditions. This is the first study demonstrating that the computational fluid-dynamics code
interfacing with the material response code can be directly applied to the design of thermal protection systems of
spacecraft. The heat-shield material is SLA-561V. The solutions, including the flowfield, surface heat fluxes and
temperature distributions, pyrolysis-gas blowing rates, in-depth temperature history, and minimum heat-shield
thicknesses over the aeroshell forebody, are presented and discussed in detail. The predicted heat-shield mass is
about 20 kg.

Nomenclature
B = pre-exponential factor, Eq. (4), s"1

B' = dimensionless mass-loss rate
CH = heat-transfer Stanton number
CM = mass-transfer Stanton number
D = diffusion coefficient, m2/s
Ea = activation energy, Eq. (4), K
F = radiation view factor
h = enthalpy, J/kg
hc = enthalpy of char, J/kg
hew = wall enthalpy, defined in Ref. 6, J/kg
hg = enthalpy of pyrolysis gas, J/kg
hr = recovery enthalpy, J/kg
mc = char mass flow rate, kg/m2 • s
mg - pyrolysis-gas mass flow rate, kg/m2 • s
Nr - total number of surface reactions
Ns = total number of species
#cond = in-depth conductive heat flux, W/m2

^rad = radiative heat flux, W/m2

Rb = base radius, m
Rc = corner radius, m
Rn = nose radius, m
S = distance along surface from stagnation point, m
T = temperature, K
t = time from 125-km altitude, s
ue = velocity at edge of boundary layer, m/s
v = velocity component normal to surface, m/s
x = mass fraction
Z* = weighted average of the mole and mass fractions,

defined in Ref. 6
a = surface absorption coefficient
s = surface emissivity
r] = coordinate normal to surface, m
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0 = time, s
p = density, kg/m3

pe = density at edge of boundary layer, kg/m3

Po = original density of ablator, Eq. (4), kg/m3

pr = residual density of ablator, Eq. (4), kg/m3

a = Stefan-Boltzmann constant, W/m2 • K4

W = decomposition reaction order, Eq. (4)
a) = mass flux of chemical reactions, kg/m2 • s

Introduction

PREVIOUS proposals have been made for a Mars Environment
Survey (MESUR) mission to land a globally distributed set of

16 small, well-instrumented packages on Mars to make observations
of the atmosphere and the planetary surface.1 A precursor probe-
lander to the MESUR mission is the Mars Pathfinder. The probe will
enter the Martian atmosphere at a relative velocity of 7.65 km/s. The
forebody is a blunted, 70-deg-half-angle cone, based on the Viking
Mars lander shape.2 The forebody diameter is 2.65 m, and a ballistic
coefficient of 55 kg/m2 is used. The Mars Pathfinder probe will expe-
rience heating rates and deceleration loads that are nearly an order of
magnitude greater than those encountered by the Viking vehicles.2
Therefore, the design of the aerobrake is a more difficult task. Previ-
ous viscous-shock-layer3 and Navier-Stokes calculations4 for flow
over a nonablating aeroshell provided information for a preliminary
design study for aerobrakes for MESUR.5 Based on that preliminary
study, the heat-shield material used on Viking (a silicone elastomeric
charring ablator, SLA-561V) was again selected as the tentative can-
didate material for the Mars Pathfinder aeroshell heat shield. The
objective of this study is to determine the heat-shield thickness dis-
tribution and mass that yields the maximum total heat load for what
is currently the trajectory with the shallowest entry angle (—14.3
deg at 125 km).

The accurate prediction of the aerothermal heating over a char-
ring ablator requires a time-dependent calculation through the entire
trajectory. This is necessary because pyrolysis gas-blowing rates
depend on the ablator-material in-depth temperature history. The
program CMA6 was designed to simulate the thermal response of
charring ablators. In CMA, the heat flux to the ablating surface
is usually computed based on the input nonablating heat-transfer
coefficients and empirical blowing-reduction parameters. The un-
certainty in this estimated ablating surface heat flux is high, and
consequently the predictions of surface blowing rate and temper-
ature are somewhat inaccurate. Thus, in order to obtain the best
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estimated heat flux over an ablating surface, a flow solver with ab-
lating surface conditions becomes a requirement. The flowfield over
the Mars Pathfinder aeroshell cannot be precisely resolved without
using full Navier-Stokes equations, because of the large subsonic
region in its shock layer. Since the surface blowing rate is expected
to be moderate, the approach taken in this study is to combine so-
lutions from the GIANTS7 (Gauss-Seidel implicit aerothermody-
namic Navier-Stokes code with thermochemical surface conditions)
and CMA codes in a loosely coupled manner, such that both the flow
solver (GIANTS) and the thermal response code (CMA) can share
the correct ablating surface conditions without major code modi-
fication. The computations using GIANTS with complete ablating
surface species balance conditions are performed at a certain number
of selected trajectory points utilizing the surface blowing rate and
the temperature profiles obtained from CMA. The time-dependent
computations of CMA with complete surface energy-balance con-
ditions are performed over the entire forebody heat shield using the
convective heat-transfer coefficients calculated from GIANTS.

Computational Methods
The GIANTS code is a two-dimensional axisymmetric nonequi-

librium full Navier-Stokes equation solver that has been modified
to include the ablating surface species balance condition:8

pDi —- + rhgXgi + mcxci = pvxi + } j &>[ (i = 1, . . . , Ns)
OW w /r=l

(l)
The velocity component normal to the surface (v) is obtained from

v = (thg + mc)/p (2)

For each global iteration, the GIANTS calculations are performed
with fixed temperature and mass-blowing rate distributions over the
surface. These input values are updated iteratively from the CMA
calculations.

The CMA code is used for the transient thermal and ablation
response of a charring insulation material structure, utilizing a com-
plete surface energy-balance condition:

PeuecH(hr - hew) + PeUecM

+ mchc

B'hw

= 0. (3)

This surface energy balance includes ablation, radiation, and in-
depth conduction. (An extensive discussion of the energy-balance
equation is presented in the CMA user's manual.6) The CMA
code obtains the convective heat-transfer coefficients from GIANTS
solutions, plus the net radiative heat fluxes to the surface using
correlations9 at various times and locations.

To properly represent the heating trend along the entire trajec-
tory, 21 points are selected from the trajectory (Fig. 1), in which
the convective heat-transfer coefficients are computed by the GI-
ANTS code. The points are selected according to their estimated
stagnation-point heating so that the difference in heating between
two neighboring points is approximately the same. The flight and
freestream conditions at the selected trajectory points are listed in
Table 1. For each global iteration, the steady-state GIANTS solu-
tions are obtained for all points except the first three, where the
freestream densities are very low. Previous experience showed that
the computational domain has to be extended into part of the af-
terbody region, and the total number of iterations required is sub-
stantially increased to obtain a converged flow solution when the
freestream density is very low. Consequently, the computation can
become excessively expensive. Moreover, the accuracy of Navier-
Stokes solutions for very low-density flows is degraded. Thus, in-
stead of solving the very expensive Navier-Stokesequations, the

Table 1 Trajectory points selected for GIANTS calculations

Time, s V, m/s Altitude, m T, K Density, kg/m3

14
24
30
34
37
40
42
45
47
50
56a
60
62
64
66
68
70
73
76
81
90

7661.1
7665.7
7661.0
7647.3
7624.5
7582.5
7540.1
7447.7
7361.1
7181.9
6592.3
6007.4
5667.2
5312.1
4950.9
4591.7
4241.6
3745.7
3295.4
2658.5
1837.0

99,930
83,516
74,280
68,386
64,110
59,967
57,284
53,386
50,880
47,272
40,696
36,866
35,135
33,530
32,046
30,680
29,426
27,735
26,249
24,149
21,229

139.0
139.0
139.1
140.1
142.0
144.2
146.4
149.5
152.0
155.0
162.0
166.5
168.7
171.0
172.5
175.0
176.0
177.4
180.0
183.0
186.8

0.138E-6
0.137E-5
0.497E-5
0.113E-4
0.206E-4
0.359E-4
0.488E-4
0.761E-4
0.101E-3
0.153E-3
0.324E-3
0.501E-3
0.600E-3
0.703E-3
0.813E-3
0.931E-3
0.105E-2
0.124E-2
0.144E-2
0.177E-2
0.236E-2

aPeak convective heating point.
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Fig. 1 Trajectory for MESUR pathfinder.

heat fluxes for the first three points are estimated using an extrapo-
lation method. The convective heat fluxes for the first three points
are very low compared with the rest of points; therefore, some uncer-
tainty in heat fluxes for these three points will not create significant
error in the analysis.

The structure of CMA is one-dimensional. Hence, for each com-
putational cell at the surface, in-depth conduction into the ablation
material is assumed to be one-dimensional. In this study, 40 com-
putational cells are used along the forebody surface. Therefore, the
CMA code has to be run 40 times independently in each global itera-
tion to obtain the surface blowing rate and temperature distributions
over the entire forebody along the entry trajectory.

Because the surface blowing rate is expected to be low, a loosely
coupled method is adopted here. In the first global iteration for
a given trajectory point, the nonequilibrium calculations start from
the GIANTS code with nonablating surface conditions, and then the
resulting heat-transfer coefficients for this trajectory point are used
in CMA. The CMA code integrates from t = 0 to this trajectory
point to obtain simulations of the transient thermal and ablation
response over the entire forebody. The new surface temperature
and blowing-rate distributions obtained from CMA are supplied to
GIANTS to start a new global iteration. The computation for this
trajectory point is completed and advanced to next trajectory point
when the variations of surface temperature and blowing rates are
less than 0.1%.
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Chemistry Model
Fourteen gas species (CO2, CO, N2, O2, NO, SiO, H2, C2, C3,

C, N, O, H, and Si) and 19 gas chemical reactions are used. The
chemical reactions include

2400

CO2 + Ml ̂  CO + O + Ml

N2 + M3 ̂  N + N + M3

02 + M4 ̂  O H- O + M4

NO + M5 ̂  N + O + M5

C2 + M6 ̂  C + C + M6

C3 H- M7 ̂  C + C2 + M7

H2 + M8 ̂  H + H + MS

SiO + M9 ̂  !

NO + C

CO + CO ̂  C02 + C

CO + O ̂  O2 + C

N2 + O ̂  NO + N

NO + CO ̂  C02 + N

NO + O ̂  O2 + N

CO2 + O ̂  O2 + CO

Si + NO^SiO + N

Si + CO2 ̂  SiO + CO

Si + O2 ̂  SiO + O

(Rl)

(R2)

(R3)

(R4)

(R5)

(R6)

(R7)

(R8)

(R9)

(RIO)

(Rll)

(R12)

(R13)

(R14)

(R15)

(R16)

(R17)

(R18)

(R19)

The rate coefficients of the reactions are from Refs. 10-12. The
surface temperature over the Mars Pathfinder aeroshell is not high
enough to generate a significant amount of char sublimation. There-
fore, the blowing rate of the pyrolysis gas becomes the major focus of
the present calculation. To perform the simulation, CMA was mod-
ified according to the following assumptions: 1) the pyrolysis gas
itself is in chemical equilibrium with the char before it interacts with
the mainstream species, and consists of 4 elements13 (H, C, O, and
Si) and 11 species (CO2, CO, O2, SiO, H2, C2, C3, C, O, H, and Si);
2) the char blowing rate is set to zero; 3) the first-order fully catalytic
CO + O recombination reaction is the only dominant surface reac-
tion used in the source term (last term) of Eq. (1); 4) the surface
enthalpy is calculated from the local temperature, pressure, and the
species concentrations obtained from Eq. (1); and 5) the decomposi-
tion of SLA-561V into char and pyrolysis gas follows the relation13

30

where B = 2.78 x

(4)

= 19, 000 K (34,200 R), and V = 3.

Results and Discussion
The computations are performed using the NASA NAS (numeri-

cal aerodynamics simulation program) Cray C90 supercomputer.
The forebody of Mars Pathfinder is a spherically blunted cone
with a 70-deg half angle, Rn = 0.6625 m, Rb = 1.325 m, and
Rc = 0.06625 m. A 42 x 82 computational grid is used in the
GIANTS code, and a 32-node nonuniform grid in the CMA cal-
culations for each surface station. The grid sensitivity study for
GIANTS has been performed to ensure that the grids were adequate
for the current study, and the solutions at the peak heating point were
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Fig. 2a Temperature and blowing rate distributions.
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Fig. 2b Convective heat-flux distribution.

compared with those of the LAURA code.14 In view of the pecu-
liarities of the explicit scheme used in CMA, the time steps used in
the calculation were very carefully controlled for the best possible
solutions. The solutions presented here are for a maximum variation
of surface temperature and blowing rates of less than 0.1 %. Surface
temperature, heat flux, and blowing rates as functions of time and
location will be shown in the following section. Comparison of heat
fluxes between the ablating and nonablating surface conditions is
also included. Also, in-depth temperature histories for SLA-561V
at various locations along forebody are presented, followed by de-
tailed flowfields over the aeroshell forebody. Finally, the resultant
heat-shield thicknesses are shown as a function of body station.

The surface temperature (solid line) and mass-blowing-rate (dot-
ted line) distributions along the aeroshell forebody at the peak con-
vective heating point (t = 56 s) are shown in Fig. 2a. The tempera-
ture at the stagnation point is near 2000 K, and it drops to below 1600
K along the conical forebody region. The mass blowing rate of the
pyrolysis gas remains fairly uniform in both the spherical and conical
regions, and is about 0.7% of the freestream mass flow rate at peak
heating. The mass-blowing-rate and temperature distributions do not
appear to be very smooth along the body surface. This is the result of
the explicit scheme adopted in CMA and the assumption of the one-
dimensional in-depth conduction model applied in the computation.
The surface heat-flux distributions for both ablating and nonablating
conditions at the peak heating point are presented in Fig. 2b. Since,
for conservatism, the surface is assumed to be fully catalytic for the
CO + O recombination reaction, the predicted heating is very sen-
sitive to the transport properties, especially for the nonablating sur-
face condition. The transport properties adopted here are the same as
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Fig. 3a Stagnation-point temperature and mass-blowing-rate history.
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Fig. 3b Stagnation-point surface heat-flux history.
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Fig. 4a Temperature and mass-blowing-rate history.

those used in the LAURA code,15 in which the collision integrals are
evaluated as curve fits to tabular data.16'17 The accuracy of transport
properties for the CO-COi -dominated system is not well understood
at present. The uncertainty in the wall catalysis model is one of the
major limitations of heating accuracy.18 The model for fully catalytic
wall adopted in this study is from Ref. 19. The peak stagnation-point
heating for the nonablating surface is about 112 W/cm2, and for the
ablating surface is about 85 W/cm2. In the conical region, the min-
imum heating for the ablating surface is below 30 W/cm2. Despite
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Fig. 4b Surface heat-flux history.

80 100

2000

1600

0 0.25 0.5 0.75 1 1.25
x(cm)

Fig. 5a Stagnation-point in-depth temperature history.
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Fig. 5b In-depth temperature history.

the small (normalized) mass blowing rate, which is only 0.7% of
the freestream mass flow, the calculation indicates that a substantial
amount of heat flux is blocked. The injected pyrolysis gas remains
near the surface, and dilutes the CO and O concentrations at the sur-
face. Consequently, the net surface recombination rate for the ablat-
ing surface is low compared with that for the nonablating surface.
The higher the surface blowing, the lower the number density of CO
and O near the surface; thus the surface catalytic effect on the heating
becomes less important as the surface blowing rate increases.
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Fig. 6a Stagnation-streamline temperature profiles.
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Fig. 6b Stagnation-streamline species concentration profiles.
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Figures 3a and 3b show the histories of surface temperature, mass
blowing rate, and heat flux at the stagnation point, and Figs. 4a and 4b
show these same values at S = 0.6 m. The calculations predict
that the peak mass blowing rate occurs at around t = 35 s for the
stagnation point (S = 0) and at around t = 40 s for S == 0.6 m.
Note that the surface blowing rate reaches its peak value before
the surface heating and temperature. As the temperature increases,
the decomposition rate is essentially an exponential function of local

1.3 --

6 1.1 --

0.9 --

0.7 --

0.5 H- H- -4-

0 0.25 0.5 0.75 1 1.25 1.5
S, Distance from Stagnation Point (m)

Fig. 7 Heat-shield thickness distribution.

material temperature [Eq. (4)]. However, as the density loss becomes
significant, the density loss term offsets the temperature effect and
gradually reduces the decomposition rate. The in-depth conduction
and the radiative heating are about equally important and cannot be
ignored over at least about one-third of the trajectory. The in-depth
conduction becomes negative late in the trajectory. This is due to
the dramatic reduction of surface heating, which causes the surface
to become cooler than the in-depth char.

The in-depth temperature profiles (t = 14, 38,48, 56, 66, 76, and
140 s) at the locations 5 = 0 and 0.6 m are presented in Figs. 5a and
5b, respectively. The trends of in-depth temperature histories for
both locations are similar. A sharp change of temperature gradient
appears in the temperature profiles for most trajectory times except
the very early (t = 14 s) and late (t = 140 s) times, and the
locations of these gradient changes gradually move deeper into the
solid as the time increases. This effect results from the change of
thermal conductivity as pyrolysis occurs. Therefore, slope change
is an approximate marker for the bottom of the pyrolysis zone.
Thus, from the in-depth temperature profiles, the total mass loss at
certain locations can be roughly estimated. Since CMA is a one-
dimensional code, the in-depth conduction for each surface station
is assumed to be one-dimensional (normal to surface); that is, the
thermal conduction transverse to the surface is ignored. This is a
reasonable assumption over most of the aeroshell forebody except
the shoulder, where the temperature gradient is high in the direction
along the surface (see Fig. 2a).

The temperature distributions along the stagnation streamline at
the peak convective heating point are shown in Fig. 6a, and the
species concentration profiles are illustrated in Fig. 6b. The solu-
tions for both ablating surface condition (solid lines) and nonab-
lating surface condition (dotted lines) are presented. The surface
blowing causes the shock standoff distance for the ablating surface
to be slightly larger than that for the nonablating surface. Blowing
also increases the boundary-layer thicknesses, as is to be expected.
Figure 6c presents the species distributions in a region 0.5 cm next
to the stagnation point, to depict more clearly the condition near the
surface. Almost all the O atoms are consumed at the surface, but
there are still some CO molecules left. This is because more CO
than O is available at the surface and the surface is assumed to be
fully catalytic for CO + O. For the ablating-surface calculation, the
CO and O concentrations are lower than those for the nonablating-
surface calculation. Thus, fewer CO and O are available at the sur-
face for recombination reactions to occur. Consequently, less energy
is released at the surface. The surface blowing reduces not only the
thermal conduction to the surface but also the chemical energy from
recombination at the surface (as a result of diffusion of CO and O
to the surface).

Heat-shield thicknesses were computed and are presented in
Fig. 7. In this calculation, the thicknesses were obtained in order
to maintain the back-wall temperature at 520 K at 140 s, using the



230 CHEN, HENLINE, AND TAUBER: MARS PATHFINDER TRAJECTORY

conservative assumption that the back surface was adiabatic. The
major limitation on the accuracy of the thickness calculation is the
uncertainty in material properties, such as the thermal conductivity
and enthalpy of pyrolysis gas. Using the material property database
provided by Ref. 13, the computed thickness is 1.38 cm at the stagna-
tion point, declines slightly in the conical region, and then increases
at the junction between the cone and shoulder. The resulting heat-
shield mass is about 20 kg. If the slightly conservative assumption
is made, to facilitate manufacturing, that the thickness is uniformly
1.38 cm over the entire forebody, the mass becomes 21 kg. However,
no factor of safety has been included.

Conclusion
A loosely coupled technique was developed to interface the

GIANTS and CMA codes for two-dimensional axisymmetric and
time-dependent trajectory-based heating analyses. The heat-shield
(SLA-561V) thicknesses over Mars Pathfinder aeroshell forebody
were obtained from the calculation. The solutions also include the
detailed nonequilibrium flowfields, surface temperatures and heat
fluxes, pyrolysis-gas blowing rates, and in-depth temperature his-
tory. The predictions indicate that surface blowing substantially re-
duces the heat flux to a surface. At the peak convective heating
point, the stagnation-point heating for a nonablating fully catalytic
surface is about 25% higher than for an ablating fully catalytic sur-
face. Since the heat flux to a surface is very sensitive to surface
catalysis as well as species diffusion rates, the development of more
accurate transport-property models and surface catalysis models for
CO2 flow is required to improve the prediction of aerothermal heat-
ing. The present calculations yield a heat-shield mass, without a
factor of safety, of about 20 kg.
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