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Experimental and Numerical Investigation
of Martian Atmosphere Entry

Diego Paterna,¤ Rodolfo Monti,† Raffaele Savino,‡ and Antonio Esposito§

University of Naples “Federico II,” Naples 80125, Italy

A numerical and experimental investigation was performed to study the aerothermodynamicproblems of entry
into the Martian atmosphere. The mathematical and physical model used to study the � ow� eld around a capsule
entering a CO2 environment is described. Computational� uid dynamics tools havebeen applied to solve the system
of governing equations. The importance of surface catalycity effects on the stagnation-point heat transfer and on
the heat load in Martian atmosphere is highlighted.Stagnation-pointheat � ux levels applied to models of different
materials in a plasma wind tunnel are shown, and numerical correlations are presented. The different role played
by surface catalycity in Earth and Mars environments is shown.

Nomenclature
Ai = i th face of the generic computational cell
Ak , ¯k , Ek = constants appearing in the Arrhenius

expression of the rate constant
B = ballistic coef� cient, kg/m2

Ci = molar concentrationof species i
D = aerodynamic drag, N
Di = diffusion coef� cient of species i in the mixture
Di; j = diffusion coef� cient of species i in

species j , m2/s
E = speci� c total energy, J/kg
e = speci� c energy of the mixture
ee;i = speci� c electronic energy of i th species, J/kg
ei = speci� c internal energy of i th species, J/kg
erot;i = speci� c rotational energy of i th species, J/kg
etr;i = speci� c translational energy of i th species, J/kg
ev;i = speci� c vibrational energy of species i , J/kg
ev;i = speci� c vibrational energy of i th species, J/kg
Pev;i = vibrational source term, W/m3

e0;i = formation energy of i th species, J/kg
NF = vector of the inviscid � uxes
NG = vector of the viscous � uxes
g1;i ; g2;i = degenerated modes
QH = vector of the source terms

h i = speci� c enthalpy of i th species, J/kg
Ji = diffusive � ux of i th species in the mixture,

kg/(m2s)
Kk = rate constant for reaction k (units depending on

the reaction)
Ma ; Mb = third-body ef� ciencies
Mi = molecular weight of i th species, kg/kg mol
m = vehicle mass, kg
m i = mass fraction of i th species
p = pressure, Pa
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pi = partial pressure, Pa
Q = thermal load per unit area, J/cm2

Qe;i = electronic partition function
q, qNC, qFC = heat � ux, noncatalytic, fully catalytic, W/cm2

Ri = gas constant of i th species, J/(kgK)
R0 = universal gas constant [8314 J/(kgK)]
T = temperature, K
Tv = vibrational temperature,K
T c

v;i = characteristicvibrational temperature of i th
species, K

QU = vector of the � uid dynamic unkowns
U = unit tensor
V = vehicle velocity, m/s
Vc = cell volume
W = vehicle weight, N
0 = total ef� ciency of third bodies
° = � ight-path angle with respect to the local

horizon, deg
2i .1/, 2i .2/ = electronic characteristic temperatures, K
¸ = thermal conductivityof the mixture, W/(mK)
¸i = thermal conductivityof i th species, W/(mK)
¹ = viscosity of the mixture, kg/(ms)
¹i = viscosity of i th species, kg/(ms)
¹i; j = reduced molecular weight between species

i and j , kg/kg mol
º = stoichiometric coef� cients
½ = density, kg/m3

¾ = molecular cross section, cm2

P¿i = vibrational relaxation time of species i in the
mixture, s

P¿i; j = characteristicvibrational relaxation time of
species i in species j , s

Âr = molar fraction of species r
Ä = collisional integrals
P!i = total reaction rate of species i , kg/(m3s)
P!i;k = reaction rate of species i in

reaction k, kg/(m3s)

Introduction

I NTERPLANETARY space programs show a clear interest in
Mars explorationbecause the red planet is much more Earthlike

than any other planet in our solar system. Apart from the Earth–

moon system, Mars is the most hospitable body in the solar system
and is currently the best candidate for future human exploration
and colonization. Recent studies of crewed exploration missions
to Mars have considered different scenarios. Each of these mis-
sions involves entry and aerocapture maneuvers both at Mars and
at Earth on the return. Entry velocities at Mars and at Earth can
vary greatly dependingon the mission duration and whether the ve-
hicle is crewed or uncrewed. Shown in Fig. 1 are Mars and Earth
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Mars entry

Earth entry

Fig. 1 Entry velocity envelopes for Mars missions with return to
Earth.1

Fig. 2 Temperatures in Mars and Earth atmospheres.

entry velocity envelopes for various missions.1 The purpose of out-
lining these mission scenarios is to illustrate the vast differences
in � ow physics, and hence aerothermal environment, that must be
considered in the design of a hypersonic vehicle that must enter
both Mars and Earth atmospheres. Indeed, major differences exist
between the atmospheres of these two planets.

The atmosphereofMars,whichconsistsprimarilyof carbondiox-
ide at a relatively low pressure, is fairly well de� ned, although there
are seasonalvariations.In Figs. 2 and 3, the pressureand the temper-
ature of the Mars atmosphere are compared with those of the Earth.

Heat � uxes and thermal loads, that is, the time integrals of
heat � ux, encountered by a module entering the atmosphere are
key issues in determining the type and size of the thermal protec-
tionsystem.Real-gasthermochemicalnonequilibriumprocessesare
fundamental in the determinationof aerodynamicheating. A blunt-

Fig. 3 Pressures in Mars and Earth atmospheres.

body � ow� eld is dominatedby the presenceof the strongbow shock
wave and the consequentheating.1

At high-altitudehypersonic � ight conditions, the vibrational en-
ergies excitation and chemical reactions occur slowly enough that
a signi� cant portion of the � ow� eld is in a state of thermochemical
nonequilibrium.Another important effect is related to the catalytic
activity of the wall; indeed, the wall may act like a catalyst pro-
moting the recombination of the atomic species. It is well known
that the effect of catalycity during Earth reentry2 can result in an
increase in the heat � ux up to 100%. The authors believe that cat-
alytic effects may be even larger in Martian atmosphere because 1)
pressurein Martian atmosphereis lower than that of Earth (nonequi-
librium effects are consequentlyenhanced) and 2) the characteristic
dissociation temperature of CO2 (Td CO2 D 64,000 K) is lower than
that of N2 (the main component of air, Td N2 D 114,000 K), and the
concentration of dissociated species in the vicinity of the wall is
larger in a CO2 environment when compared to air.

There are many publishedresults on aerothermodynamicheating
for a vehicle entering the Martian atmosphere.3¡10 Some of the
literature addresses the problem of the enhanced heating rates due
to surface catalycity, which seems to have much importance on the
aerothermal environment of the vehicle.7¡10

These aspects have been investigated, numerically and experi-
mentally, in the present work. In the � rst part, the model used for
the reactinggas mixture is presented,and the numericalcodeused to
solve the governing equations is described. In the second part, typ-
ical trajectories in Mars atmosphere are calculated, and heat � uxes
and heat loadsarederived,with considerationsof thermaland chem-
ical nonequilibriumeffects, and catalytic effects. Finally, the Small
Planetary Entry Simulator (SPES) plasma wind tunnel is described,
and preliminary experimental results on test models with different
catalytic properties in a prevalent CO2 environment, and the related
numerical correlations, are discussed.

Thermodynamic Model
An aerothermochemicalmodel for the Mars atmospherewas pre-

pared, considering a gas mixture composition of eight chemical
species: CO2, CO, O, C, O2, N2 , N, and NO. The atmosphere was
modeled as a mixture of perfect gases for which Dalton’s law is
applicable:

p D
X

i

pi (1)

where the summation is extended to all of the species considered.
As a consequence, the following relation holds:

½ D p

¿
R0T

X

i

m i

Mi

(2)
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The internal energy of the mixture is de� ned as

e D
X

i

.m i ei / (3)

where ei , the internalenergyof the single componentgas, is the sum
of the energies representing the different degrees of the freedom of
the molecules:

ei D etr;i C erot;i C ev;i C ee;i C e0;i (4)

In our model we assume that the translational, rotational, and
electronic modes are in equilibrium at the temperature T , whereas
polyatomicmoleculesmay vibrateat a temperatureTv differentfrom
T . From quantum mechanics through the partition function11;12 the
expression for each of the energy terms becomes

etr;i D 3

2
Ri T (5)

erot;i D Ri T (6)

ev;i D
RT c

v;i

exp
¡
T c

v;i

¯
Tv
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¡ 1

(7)

ee;i D
Ri

Qe;i
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g1;i 2i .1/ exp

µ
¡

2i .1/
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µ
¡
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¶¼

(8)

From these expressions the speci� c enthalpy for each species may
be calculated as

h i D ei C Ri T (9)

Field Equations
The � uid has been modeled as a reacting gas in thermal and

chemical nonequilibrium, and so the equations considered are the
balance equations for mass, single chemical species, momentum,
vibrational energy, and total energy (less the vibration). They are
written as follows.

Continuity:

@½

@ t
C r ¢ .½V/ D 0 (10)

Species:

@.½m i /

@t
C r ¢ .½Vm i / C r ¢ Ji D P!i (11)

Momentum:

@.½V/

@t
C r ¢ .½VV/ C r p D 2r ¢

£
¹. r V/s

0

¤
(12)

where

. r V/s
0 D 1

2 [. r V/ C . r V/T ] ¡ 1
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Energy:
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(14)

Vibrational energy:

@
¡
½ev j

¢

@t
C r ¢

¡
½Vev j

¢
D Pev j

(15)

Transport Properties
Computation of the diffusive � uxes requires knowledge of the

transport coef� cients. For pure species, the following expressions
are derived from the kinetic theory of gases.13

Viscosity:

¹i D 2:6693 ¢ 10¡6
p

Mi T

¾ 2
i Ä¹i

(16)

Thermal conductivity:

¸i D 15
4 .¹i R0=Mi /

£
4

15 .cpi Mi=R0/ C 1
3

¤
(17)

Mass diffusivity:

Di j D
0:0188 ¢ T

3
2

p
.Mi C M j /=Mi M j

p¾ 2
i j ÄDi j

(18)

The transportmodel was chosen as a tradeoff between accuracyand
computational ef� ciency among well-established transport models
for Martian atmosphere.14;15

When one considers the global transport properties of the mix-
ture, semi-empirical rules may be applied, such as Wilke’s rule for
viscosity and thermal conductivity:

¹; ¸ D
P

i Âi .¹i ; ¸i /

P
j Â j

±±
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8
.1 C Mi=M j /
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(19)

For the diffusion coef� cient of the species i in the mixture, the
following relation may be applied:

Di D .1 ¡ Âi /

¿ X

j

Â j

Di; j

(20)

Chemical and Vibrational Nonequilibrium Models
The chemical production rate of species i in reaction k is

P!i k D 0.º 00
i k ¡ º 0

i k/ ¢

"
K f k
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j

C
º 0
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j ¡ Kbk

Y

j

C
º 00
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j

#
(21)

where K f k and Kbk are the forward and backward rate constants for
the kth reaction, modeled according to the Arrhenius law:

Kk D AK T ¯K exp[¡.Ek=R0T /] (22)

The source term for species i appearing in the species balanceequa-
tions is then written as

P!i D Mi

X

k

P!i k (23)

The primary source for reaction-ratedata constants is by Park16; the
reactions considered are reported in Table 1.

For the vibrational thermal relaxation, the Landau–Teller model
was used,

Pevs D ½
e¤

vs ¡ evs

¿s

(24)

where e¤
vs is the vibrational energy evaluated at the temperature T .

The vibrational characteristic time is computed by the Millikan
and White semi-empirical formula:

¿s D
P

r ÂrP
r Âr =¿sr

(25)
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Table 1 Forward rate constants

Reaction Third body Ak Td;k , K N

CO2 C M ! CO C O C M M a 6.9 £ 1018 63,275 ¡1.5
CO2 C M ! CO C O C M Mb 1.4 £ 1019 63,275 ¡1.5
CO C M ! C C O C M M a 2.3 £ 1017 129,000 ¡1.0
CO C M ! C C O C M Mb 3.4 £ 1017 129,000 ¡1.0
N2 C M ! N C N C M M a 7.0 £ 1018 113,200 ¡1.6
N2 C M ! N C N C M Mb 3.0 £ 1019 113,200 ¡1.6
O2 C M ! O C O C M M a 2.0 £ 1018 59,750 ¡1.5
O2 C M ! O C O C M Mb 1.0 £ 1019 59,750 ¡1.5
NO C M ! N C O C M M a 5.0 £ 1012 75,500 0.0
NO C M ! N C O C M Mb 1.1 £ 1014 75,500 0.0
NO C O ! N C O2 —— 8.4 £ 109 19,450 0.0
N2 C O ! NO C N —— 6.4 £ 1014 38,370 ¡1.0
CO C O ! O2 C C —— 3.9 £ 1010 69,200 ¡0.18
CO2 C O ! O2 C CO —— 2.1 £ 1010 27,800 0.0

a M D CO2, CO, N2, O2, NO. b M D C, N, O.

Table 2 Comparison between computed
and free-� ight extrapolated surface
temperatures at the stagnation point

Tw , K

t , s (z, km) Computed Path� nder

50 (57) 1360 1200
55 (51) 1650 1500
66 (41) 2080 2100
71 (36) 1800 1850
80 (30) 1650 1600

and

¹sr D Ms Mr =.Ms C Mr / (27)

is the reduced molecular weight.

Boundary Conditions
Species boundary conditions on the wall have been assigned to

model the two extreme behaviorsof a solid surface.First, in the case
of a fully catalytic wall, the species concentrationsat the wall have
been set equal to the freestreamcomposition(95% CO2 and 5% N2,
for Martian atmospheric entry). Second, for a noncatalyticwall, the
diffusive � ux of atoms at the wall is set to zero.

Radiative equilibrium has been assumed for the wall surfaces
to evaluate the wall temperature. The thermal protection system
(TPS) material is a low-density ablator, called superlight ablator
(SLA), 561 V (Refs. 17 and 18). This material consists of a � ber-
glass phenolic honeycomb with about 1-cm cells that are packed
with a charring ablative compound containing elastomeric silicone
and various � llers. The surface emissivity is 0.9 (Ref. 18), and this
value is used throughout the computations.Table 2 shows the com-
puted average surface temperatures (for a fully catalytic wall) at
the capsule stagnationpoint. The temperatures are compared to the
surface temperature data reported in Ref. 19 that have been pre-
dicted through the nine type-K thermocouples inside the TPS of the
Path� nder using well-validated thermal response codes.19

Numerical Technique
The preceding equations with the appropriate boundary condi-

tions have been solved with the numerical code Fluent,20 which
solves by a � nite volume method a system of partial differential
equations:

@ QU
@t

C 1
V

X

i

. NF ¡ NG/i ¢ Ai D QH (28)

Nondissipative� uxes are computed accordingto the � ux difference
splitting technique proposed by Roe.21 Dissipative � uxes are com-
puted by the Gauss theorem. Accuracy is second order in space.
Time integration is performed by an explicit multistage Runge–

Kutta scheme. Multigrid techniques are used to accelerate conver-
gence. Generally, accurate computationsof the gradients appearing

in the � eld equationsrequire structuredgrids, which have been used
for all computations in the present work. The computation of the
heat transfer or skin friction requires detailed resolutionof the � ow
very near the surface. An iterative approach was followed to deter-
mine the near-body grid resolution, which provides grid-solution
independence. In the present computations, the value of the grid
spacing near the wall was found to be 10¡6 m. Grid re� nement in
stronggradientregionswas made whennecessarythrougha solution
adaptive approach.

Validation of the Model
The modelhas beenvalidatedthroughcomparisonwith published

numerical resultsof heat � uxes on a well-knownMars entry capsule,
the Mars Path� nder (Fig. 4), for which a number of experimental
and numerical results are available.

The Mars Path� nder successfully completed entry, descent, and
landingon theMartiansurfaceon4 July1997.The primaryobjective
of the probe mission was to demonstratea low-cost, reliable system
for landing on the surface of Mars.22¡24 The geometry of the probe
is shown in Fig. 5. The forebody is a sphere–cone shape with a nose
radius of 0.66 m and a half-angle cone of 70 deg; the afterbody is a
truncated cone with a half-angle of 46 deg. The mesh used for the
numerical computations is shown in Fig. 6. Conditions used for the
numerical simulations are representative of the point of Path� nder
trajectory corresponding to the peak heat � ux and are summarized
in Table 3.

Fig. 4 Mars Path� nder entry in the Martian atmosphere.

Fig. 5 Mars Path� nder geometry.
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Table 3 Path� nder peak heat � ux
freestream conditions

Parameter Value

Time 66 s
Altitude 41 km
Mach number 32
Temperature 170 K
Density 2.8 £ 10¡4 kg/m3

Table 4 F4 nozzle � ow conditions

Parameter Value

Stagnation pressure, bar 373
Total enthalpy, MJ/kg 11
Wall temperature, K 300
Test chamber pressure, Pa 68
Test chamber temperature, K 300

Fig. 6 Mesh for the numerical computations.

Fig. 7 Comparison of numerical results on heat � uxes along the Mars
Path� nder forebody.

Table 5 Starting point for trajectory
calculations

Parameter Value

Altitude 130 km
Velocity 7.5 km/s
Entry angle From ¡11 to ¡20 deg

Fig. 8 Translational and vibrational temperature comparison along
the axis of the F4 nozzle.

Fig. 9 Forces acting on the ballistic entry vehicle.

Figure 7 shows the comparisonof heat � uxes along the Path� nder
forebody between the present computation and numerical results
from Milos et al.19 The heat � uxes are evaluated at the two extreme
conditions of noncatalytic and fully catalytic walls.

The nonequilibriumvibration model has been validated by com-
parisons with benchmark results for a hypersonic wind-tunnel noz-
zle � ow presented in Ref. 25. The axisymmetric air� ow in thermal
and chemicalnonequilibriumin the F4 wind-tunnelnozzle has been
studied, and the conditions of the test case are reported in Table 4.
Temperaturedistributionsalong the nozzle axis are shown in Fig. 8.

Trajectory Calculations
Entry trajectories in the Mars atmosphere have been calculated

for a ballisticvehicle (the Mars Path� nder; B D 63:5 kg/m2). The or-
dinary differentialequationsof motion for a point mass subjected to
gravity and aerodynamicdrag (Fig. 9 provides reference to symbols
used):

W cos ° D m P° V (29)

¡D C W sin ° D m PV (30)

havebeennumericallyintegratedby the Euler method, startingfrom
the conditions reported in Table 5.

For the freestream density, an exponential function of altitude
was obtainedby interpolatingthe reconstructedmartianatmospheric
data24:

½ D ½0 exp.¡¯z/ (31)
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Fig. 10 Mars Path� nder computed and reconstructed trajectories.

Fig. 11 Entry trajectories for different entry angles.

The trajectorycalculationcodehas beenvalidatedby comparing the
results corresponding to an entry angle of ¡14 deg (the Path� nder
entry angle) with the Path� nder trajectory24 (Fig. 10), which has
been reconstructed from onboard measurements (two sets of three
orthogonallypositioned accelerometers and a radar altimeter24).

A number of entry trajectories have been calculated correspond-
ing to several entry � ight-path angles, starting from the minimum
angle needed to enter the Mars atmosphere (¡11 deg) to an entry
angleof ¡20 deg correspondingto the maximum decelerationlevel.
Shown in Fig. 11 is the velocity–altitude plot for the computed tra-
jectories.The trajectorycorrespondingto an entry angle of ¡10 deg
is alsoplotted,to show that the vehicleconsideredwould skip the en-
try at that initial entry angle. Figure 12 shows the � ight-path angles
for each of the considered trajectories.

Numerical Computations
For each of the computed trajectories, Navier–Stokes � ow� eld

computationswere performedat discretealtitudes.Stagnation-point
heat � uxes for noncatalytic and fully catalytic surfaces have been
computed for each of these trajectories(Figs. 13 and 14). Figures13
and14 showthat, for increasingentryanglemagnitude,thepeakheat
� uxes increase. Figures 15–17 highlight the substantial decrease in

Fig. 12 Flight-path angles for each trajectory.

Fig. 13 Noncatalytic stagnation-point heat � uxes for different entry
trajectories.

heat � ux that a noncatalyticwall would experiencewith respect to a
fully catalytic surface. Figure 18 shows the peak heat � ux for each
trajectory as a function of the entry angle. It can be seen that, in
both cases of fully catalytic and noncatalytic wall, the heat � uxes
increase with the entry angle magnitude.

The percentageof the heat � ux due to the wall catalyticproperties
can be evaluated by the nondimensionalratio

PqFC= PqNC

At the typical entry angle of the Path� nder mission (¡14 deg) the
value of this ratio is about 3, so that the catalytic behavior of the
surface may change the heat � ux up to 300%. Figure 19 shows that
to minimize the heat � uxes a trajectory close to the minimum entry
angle (¡11 deg) should be chosen.

The overall thermal load per unit area, Q, can be de� ned as

Q D
Z t2

t1

Pq dt (32)

Figure 19 shows that Q, contrary to the heat � ux, is a decreas-
ing function of the entry angle. This behavior can be explained by
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Fig. 14 Fully catalytic stagnation-pointheat � uxes for different entry
trajectories.

Fig. 15 Comparison of noncatalytic and fully catalytic stagnation-
point heat � uxes (° = ¡¡ 11 deg).

Fig. 16 Comparison of noncatalytic and fully catalytic stagnation-
point heat � uxes (° = ¡¡ 14 deg).

Fig. 17 Comparison of noncatalytic and fully catalytic stagnation-
point heat � uxes (° = ¡¡ 20 deg).

Fig. 18 Peak heat � uxes vs entry angle.

Fig. 19 Thermal load as a function of entry angle.
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Fig. 20 Heat � ux vs time for fully catalytic wall.

Fig. 20. At higherentry angles, the peak heat � uxes increase,but the
trajectory total time is reduced so that the integrated thermal load
decreases.

Therefore, if one is interested in minimizing the heat � uxes, a
trajectory characterized by a low entry angle should be chosen,
whereas if one wants to minimize the thermal load, trajectories at
larger entry angles should be considered.

Experimental Tests
Experimental tests have been performed in the SPES facility at

the Department of Space Science and Engineering.26 The facility
is a continuous,open-circuit, blowdown arc facility. It consists of a
40-kW plasma torchwhere the primarygas is suppliedand heated,a
swirlmixer where the secondarygas is suppliedto obtain the desired
atmospheric composition,a convergent–divergentnozzle where the
� ow expands to a nominal Mach number of 3, and a test chamber
instrumented with total pressure probes and heat � ux probes. Two
types of heat � ux probes were used:

1) Gardon gauges consist basically of a thin metallic foil sus-
pended in a heat sink (copper) in the form of a hollow cylinder
(Fig. 21). The metallic foil, as the � rst thermoelectricmaterial (con-
stantan), creates, together with the second thermoelectric material
(copper), one junction of the thermocouple. A wire of the second
thermoelectric material is attached to the rear surface center of the
foil to form a differentialthermocouple.It measures the temperature
differencebetween the center and the edge of the foil, which can be
correlated to the heat � ux on the constantan foil.

2) Slug calorimeters of different materials (tungsten and silver),
measure the slope of the back surface temperature history of the
calorimetric model, generally a copper cylinder (Fig. 22). A ther-
mocouple is attached to the backfaceof the sensor.The calorimetric
mass is integrated in a thermal insulator to avoid radial heat losses.
Figure 23 is a photograph of the jet in the test chamber.

Two experimental runs were performed using mixtures of differ-
ent composition. The test conditions are summarized in Table 6.
The primary gas is nitrogen, the secondary jet is air or CO2. For the
latter case a Martianlike composition is simulated. The goal is the
measurement of the stagnation-point heat � uxes on test models of
different catalytic properties to highlight different catalytic effects
in both mixtures.

At the same time, numerical computations were performed to
correlate the experimental results. The meshes and boundary con-
ditions used for the computations are shown in Figs. 24 and 25. A
mixture with an average speci� c enthalpy of 14 MJ/kg is formed
by mixing 0.3 g/s of the primary gas (nitrogen), with speci� c total

Table 6 Experimental test conditions

Mass � ow rate, g/s
Average speci� c total

Test gas Primary Secondary enthalpy, MJ/kg

N2 C Air N2 (0.3) Air (0.9) 14
N2 C CO2 N2 (0.3) CO2 (0.9) 14

Fig. 21 Gardon gauge.

Fig. 22 Slug calorimeter.

Fig. 23 Plasma jet in the test chamber.

Fig. 24 Nozzle geometry and mesh and boundary conditions.

enthalpy of 56 MJ/kg, and 0.9 g/s of the cold secondary jet, with
speci� c total enthalpy of 0.3 MJ/kg.

The experimentalresults show that themeasuredstagnation-point
heat � uxes in mixtures with CO2 are always lower than the corre-
sponding values measured in air mixtures. The numerical computa-
tions are in agreement with the experimental results and show that
this behavior can be explained by the larger dissociation occurring
in CO2 mixtures. Indeed, looking at the computed temperature dis-
tributions as shown in Fig. 26, one can observe that the temperature
at the nozzle exit and in the shock layer, for the CO2 mixture, is
lower than in the air mixture.

As a consequence, if the surface of the model is noncatalytic to
atomrecombination,a lower heat � ux on the model surface in a CO2

environment is expected. The materials of the test models (silver,
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Table 7 Experimental results and numerical correlations in SPES facility

Parameter Experimental results Numerical results

Mixture N2 C CO2
Mixer pressure, Pa 18,862§ 100 20,128
Exit nozzle pressure, Pa 920§ 100 960
Stagnation-pointpressure, Pa 6,705§ 100 6,825
Heat � ux, kW/m2 1,180 § 200 (tungsten model) 1,400 (noncatalytic wall)
Heat � ux, kW/m2 2,200§ 330 (silver model) 4,300 (fully catalytic wall)

Mixture N2 C air
Mixer pressure, Pa 19,968§ 100 20,395
Exit nozzle pressure, Pa 880§ 100 910
Stagnation-pointpressure, Pa 7,371§ 100 7,531
Heat � ux, kW/m2 2,235 § 335 (tungsten model) 2,500 (noncatalytic wall)
Heat � ux, kW/m2 3,050§ 450 (silver model) 4,500 (fully catalytic wall)

Fig. 25 Test chamber mesh and boundary conditions.

a)

b)

Fig. 26 Temperature distributions in SPES nozzle and test chamber
for a) air mixture and b) CO2 mixture.

constantan, and tungsten) have different catalytic behavior, silver
being the most catalytic and tungsten the least catalytic material
(for air). As expected, stagnation-point heat � uxes were lower in
the simulated Martian atmosphere. Table 7 is a summary of the
experimental results and the numerical correlations.

The percentage of the heat � ux due to catalycity appears to be
greater in the simulated Martian atmosphere than in air.

CO2 mixture :
PqFC= PqNC D 3:1

Air:
PqFC= PqNC D 1:8

These resultscon� rm that a larger in� uence of the surfacecatalycity
is to be expected in a Marslike atmosphere.

Conclusions
A mathematical and physical model has been developed to study

the entry of a space vehicle in the Mars atmosphere. The in� uence
of the surface catalycity effects on heat � uxes and heat loads has
been assessed for typical trajectories for a reference entry ballis-
tic vehicle. Results show that the catalycity can provide important
guidelines for the aerothermodynamicdesign of a Mars entry vehi-
cle. In particular, if one is concerned with the minimization of the
heat � ux, entry trajectoriescharacterizedby low entry angles should
be chosen; if one is interested in minimizing the heat load, higher
entry angle trajectories should be considered. Experimental results
obtained in a plasma wind tunnel and the related numerical correla-
tions con� rm the greater importanceof the surface catalycityeffects
in a Martianlike atmosphere with respect to the Earth atmosphere.
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