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Reassessment of Effect of Dust Erosion
on Heatshield of Mars Entry Vehicle
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A computation is performed to assess the surface erosion due to dust particle impact for the Mars 2001 Lander
vehicle. A previous study on a Mars aerocapture vehicle indicated that a signi� cant amount of dust erosion would
take place. The present calculation uses a three-dimensional Navier–Stokes � ow solver and a more sophisticated
atmospheric dust model to provide inputs for the dust erosion algorithm. The new dust model predicts a lower
mass mixing ratio and a smaller average dust particle size than previous models. The computed surface erosion
on the Mars 2001 Lander vehicle is found to be negligible.

Nomenclature
CD = drag coef� cient
c = mass fraction
D = diffusion coef� cient, m2/s
d = diameter, m
h = speci� c enthalpy, J/K
Mr = mass mixing ratio
q = heat � ux, W/m2

r = radius, m
s = distance along trajectory,m
t = time, s
V = velocity, m/s
y = crater depth, m
ytotal = total surface erosion, m
e = emissivity
g = direction normal to vehicle surface
j = thermal conductivity,J/m ¢ s¢ K
q = density, kg/m3

r = Stefan–Boltzmann constant

Subscripts

c = crater
p = dust particle
w = wall

Introduction

T HE structure and composition of the Martian atmosphere has
been well characterized1,2 and consists primarily of CO2 , N2,

and Ar. One of the unique aspects of designinga spacecraft that will
enter the Martianatmosphere is the need to accountfor the presence
of dust. Small dust particles are present even under quiescent con-
ditions, and the level of dust signi� cantly increases when a major
dust storm occurs.3 During or after a dust storm, the dust can extend
to altitudes as high as 50 km.
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Major global dust storms occur on the average of once every
3–4 Earth years.3 They do not, however, happen at regular intervals.
There havebeen at least six globaldust storms in the periodbetween
1956 and 1982, but two occurred in 1977.4,5 The concentration of
dust in the atmosphere can be estimated by measuring the absorp-
tion of solar radiation. Based on measurements taken by the Viking
landers during the 1977 dust storms and estimations of the strength
of the vertical winds in the Martian atmosphere, it was determined
that the residence time of the larger (5–10-l m diam) particles in the
upper atmosphere was between 20 and 50 days after the beginning
of a major dust storm.3

It is the largerdustparticlesthat causemost of theerosiondamage.
The estimationof the residence time of the largerdust particles after
the beginning of a major dust storm means the probability of an
atmosphericentry vehicle encounteringlarge dust particleswhile at
a velocity high enough to cause erosion of the heat shield is about
2–4% (Ref. 3). This probabilityis highenoughto warrantan analysis
of magnitude of this erosion.

Information about the properties of the dust particles suspended
in the Martian atmosphere after a dust storm was obtained from
both orbiter and lander imaging instruments from the two Viking
missions. Further details of the nature and conclusions of these
measurements can be found in Ref. 3. Two pieces of information
pertinent to this study are the dust particles’ size distribution and
composition.

The size distribution of the dust particles was inferred from solar
opacitymeasurementson the Martian surfaceand infraredinterfero-
metric spectrometersaboard the orbitervehicleon the Mariner9 and
Viking mission.3 Based on the Mariner 9 data, a modi� ed gamma
function representing the particle size distribution was proposed
with the following form6:

N (r) = Cr 2
p exp ¡ 4 r p / rm (1)

Using Eq. (1) and a value of the mode radiusrm of 0.4e ¡ 6 m, we can
compute a mass-averagedsize distribution.The mean-mass particle
diameter is 5 mm. This value for the mean-mass particle diameter
is the same as the value deduced from the ground- and space-based
measurements.6

The dust particle shape was also deduced from the measurements
to be platelike.To accountfor a randomplate orientationand to sim-
plify their analysis, Papadopoulos et al.3 assumed a spherical dust
particle shape.This assumptionwill also be used in this work. From
the previously described ground- and space-based measurements,6

it was also possibleto determinethat the dustparticleswere claylike,
composed primarily of SiO2 ( » 70%) and Al2O3 (15–20%).

The dust particles move through the shock layer with a velocity
that is different from that of the local � ow� eld. Papadopouloset al.3
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developeda methodologyfor tracking the trajectoryof the dust par-
ticles from the shock wave to the vehicle surface. A brief overview
of this methodology will be presented here. They assumed that the
dust particles had a negligible effect on the shock layer � ow� eld
permitting the decouplingof the � uid dynamic and dust particle tra-
jectory computations.They based this assumption on the low mass
mixing ratio (1.0e ¡ 4) used in their analysis.

Similar to the gas surrounding it, the motion of a dust particle is
governedby the conservationofmass,momentum,and energy.With
regards to the conservation of momentum, the equation of motion
for a spherical particle in the shock layer is given by3

dVp

dt
=

3

8

q

q p

CD

r p
( D V )2 (2)

The drag coef� cient used in Eq. (2) comes from an expression that
was developed for spheres in continuum and rare� ed � ows.7 The
relation includes the effect of temperature difference between the
dust particle and the surrounding gas. At a relative Mach number
of 3.5, the drag coef� cient of a dust particle varies between 1.7 and
2.4 over particleReynolds numbers ranging from 10 to 0.1 (Ref. 3).

When a dust particle enters the shock layer, its surface heats
up rapidly. If the sublimation temperature is reached, the particle
surface will begin to vaporize and the particle size will decrease.
This is an important effect because the damage a particle does to
the heatshield is a function of its kinetic energy. Neglecting this
effect overestimates the damage that will take place. The system
of equations used in Ref. 3 includes expressions to compute the
particle surface temperatureand the reductionof particle radius that
may take place.

Once a dust particle reaches the heatshield surface with a cer-
tain velocity, size, and impact angle, an analysis is performed to
determine that amount of damage that it will do to the heatshield.
The methodology developed in Ref. 3 to compute the impact dam-
age is an approximate one because the determination of cratering
of surfaces subjected to hypervelocity impact is a complex physi-
cal problem. Many factors in� uence the extent of cratering includ-
ing particle kinetic energy, the shape and size of the particle, and
the composition, density, and strength of both the particle and the
heatshield.

During the Apollo project, experimentswere performed to deter-
mine the craters caused when spherical projectiles were � red into a
glass slab. The projectilediameters ranged from 0.4 to 1.6 mm with
velocities ranging from 0.25 to 7 km/s (Ref. 8). Based on the ex-
perimental results, an empirical curve � t to the data was developed
based on the assumption that the crater diameter is proportional to
the kineticenergyof the impactingprojectileto the one-thirdpower.
For a glass heatshield,an example of which would be a space shuttle
FRCI-12 tile, the ratiosof crater diameterand depth to the projectile
radius are given by

dc /dp = 0.113V 0.667
p (3)

y / dp = 0.3016d0.4
p V 0.667

p (4)

The particle velocity Vp is in units of meters per second. Similar
relations were developed by Kessler and Su9 for use with a virgin
AVCOAT ablator material, such as was used on the space shuttle.
Papadopoulos et al.3 modi� ed these relations somewhat to account
for the greater damage that will occur to the low-density charred
surface that will be present if the material is ablating and arrived at
the following expressions:

dc /dp = 0.048V 0.667
p (5)

y / dp = 0.024V 0.667
p (6)

To compute the overall erosion of the heatshield over time, these
expressions are used in conjunction with the size and velocity of
all dust particles that impact the vehicle surface. The equation to
compute the total erosion is3

ytotal = d2
c yN cos(h ) (7)

The cosine term is used as a geometric factor for multiple, sequen-
tial impacts. For the shallow craters that are caused by impacts with
a glass surface, h = 0. For the assumed hemispherical shape caused
by impact with an ablativematerial, h =45. The total numberof par-
ticles per unit area that impact the surface is given by the expression

N =
q 1 Mr

m p
ds (8)

In Ref. 3, the dust erosion analysis methodology was applied to a
26-m, 70-deg half-angle cone entering the Martian atmosphere at
8.6 km/s. The vehicle was traveling along an aerocapture trajectory
close to the overshoot boundary. The vehicle reaches a minimum
altitude of 41 km and is below 60-km altitude for about 400 s. The
vehicle had a maximum L / D of 0.3 with a ballistic coef� cient of
200 kg/m2 .

Two differentforebodyheatshieldmaterialswere analyzed,space
shuttle ceramic tiles, which have a glassy surface, and AVCOAT-
5026, which is an ablative heatshield material.

The analysis presented in Ref. 3 was based on certain assump-
tions.One of the assumptionsmade was that dust mass mixing ratio,
the ratio of dust mass to ambient atmospheric mass, had a constant
value of 1.0e ¡ 4 throughout the Marian atmosphere. This implies
that for the period of increaseddust activityduringand after a global
dust storm the dust is uniformly mixed within the atmosphere. An-
otherassumptionthatwas made was that an axisymmetric� ow com-
putation would provide an adequate description of the � ow around
the vehicle.

The results for this vehicle were that the ceramic tile thermal
protection system (TPS) would suffer a peak erosion near the stag-
nation line of 9.7 mm. The erosion level decreased with increasing
radial distance away from the stagnation point. The ablating TPS
experienced a higher peak level of erosion, about 10.2 mm. The
amount of erosion was a function of the vehicle’s ballistic coef� -
cient. A vehicle using the ceramic TPS with a ballistic coef� cient
of 300 kg/m2 had a stagnationpoint dust erosion value of 14.3 mm.
When the ballisticcoef� cient was reducedto 100 kg/m2 , the erosion
decreased to 4.8 mm.

The levels of surface erosion due to dust were quite signi� cant.
If the AVCOAT TPS was used, an additional 1900 kg of material
had to be added to counter the expected level of surface erosion.
This amounted to 29% of the total TPS mass. Clearly, in the age of
faster–better–cheaperplanetarymissions this amount could have an
adverse impact on mission scope and feasibility.

The purpose of this paper is to determine whether the results
obtained by Papadopoulos et al.3 were representative for all Mars
missions or if perhaps they were more of a worst-case scenario.
Using the methodology described in the � rst part of this paper, the
heatshield erosion caused by dust was computed for the Mars 2001
Lander vehicle. Several of the assumptions used in Ref. 3 were re-
moved. The current analysis uses three-dimensionalcomputational
� uid dynamics (CFD) solutions to characterizethe � ow� eld around
the vehicle and uses a sophisticated Mars atmospheric model to
determine the mass mixing ratio as a function of altitude.

Mars 2001 Lander Vehicle
The Mars 2001 Lander vehicle is shown in Fig. 1. Its forebody is

a 70-deg half-anglecone with a nose radius of 0.6 m. The maximum
vehiclediameter is 2.64 m. The afterbodyis also a bluntedconewith
a cruise stage ring dividing the afterbody into two segments. The
afterbody cone angle in front of the cruise ring is 43.4 deg, and aft
of the cruise ring, the angle is 42.7 deg. The overall vehicle length
is 1.63 m.

The thermal protection material used on the Mars 2001 Lander
vehicle is SLA-561V. This is the same material that was used on the
Mars Path� nder landervehicle.SLA-561V is an ablative,single-use
material made from silicone resin, phenolic microballoons, silica,
and cork.Becauseit is an ablativematerial, thedust erosionrelations
developedfor the AVCOAT ablatorwill be applied to theSLA-561V.

Computation Points and Freestream Conditions
The Mars2001Lander trajectoryis shownin Fig.2. Computations

that were used to provide inputs to the dust erosion analysis were
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Table 1 Freestream conditions

Time, s Altitude, km Velocity, m/s Density, kg/m3 Temperature, K

30 62.3 6547.2 5.4070e ¡ 5 147.3
38 51.4 6278.5 1.9568e ¡ 4 156.6
44 44.1 6136.3 4.0276e ¡ 4 162.9
48 39.7 5362.7 6.0538e ¡ 4 166.7
60 29.5 3592.5 1.5492e ¡ 3 175.7
80 20.3 1574.0 3.4965e ¡ 3 187.9

Fig. 1 Mars 2001Lander
geometry.

performedat six pointsalong the trajectory.The points were chosen
to characterize the shape of the expected stagnation point heating
rate pro� le. The conditions at the six CFD points are shown in
Table 1. Interpolation was used to obtain the � ow conditions at
times between the CFD points.

In regardto theLander trajectory,note the relativelyshort time the
vehicle surface is exposed to dust. The vehicle descends from 60 to
20 km in less than 60 s. This durationis in contrast to a vehicle � ying
an aerocapture trajectory that might be exposed to dust erosion for
over 400 s (Ref. 3).

Improved Atmospheric Dust Model
An attempt was made to use a more sophisticated atmospheric

model than simply assuming a constant dust mass mixing ratio of
1.0e ¡ 4. The atmospheric conditions at the time of vehicle entry
were obtained from the Mars Global Circulation Model developed
at NASA Ames Research Center.10 The particle size distribution is
computedusing a modi� ed gamma function.The coupledcomputa-
tional model includes seasonallydependent global circulation,dust
entrainment, and settling rates. The results of the dust environment
calculationsconsistof tablesof dustparticlesizes andnumberdensi-
ties as a functionof altitude and the resultingatmosphericopacity at
different planetary locations and times. Dust-modi� ed atmospheric
temperature and density variations with altitude are also provided.
For the computations presented in this study an opacity of 2.51 is
used.

The resulting dust mass mixing ratio as a function of altitude at
the time of the Mars 2001 Lander entry is shown in Fig. 3. The mass
mixing ratio is negligibleabove 50 km. It increaseswith decreasing
altitude. At 20 km, the ratio is still quite low, reaching a value of
3.5e ¡ 5. The peak value is only 35% the value assumed throughout
the entire atmosphere in Ref. 3. The mass fraction of particles as
a function of particle diameter at the 37.7-km trajectory point is
shown in Fig. 4. The particles are small, with the most common
particle diameter being 2.25 l m. Only 10% of the particles have a
diameterof 5 l m or larger. In the atmosphericmodel used in Ref. 3,
the greatest mass fraction was for 5- l m particles, and 7- and 9- l m
particles each had mass fractions greater than 10%.

Three-Dimensional CFD Flow Solver
The � ow solutions are computed using the GASP version 3

Navier–Stokes � ow solver.11 GASP is an established commercial
code that has been applied to a wide array of internal and external
� ow problems12 ¡ 15 and has been applied to solving � ows over Mars

Altitude vs velocity

Stagnation point heating rate vs time

Fig. 2 Mars 2001 Lander trajectory.

Fig. 3 Dust mass mixing
ratio.

Fig. 4 Dust particle mass
fraction as a function of par-
ticle size; 37.7 km.
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entry mission vehicles.16 The chemical kinetics and surface ther-
mochemistry models available in GASP are similar to those used
in previous analysis of the Mars Path� nder vehicle.17 GASP solves
the full Navier–Stokes equations that model the conservation of
density,momentum, and energy. Third-order spatially accurateVan
Leer � ux vector splitting11 is used to difference the inviscid � uxes.
Viscous terms are evaluated in all coordinate directions.

An eight-species, chemical nonequilibrium gas model is used.
The species considered are [CO2, CO, N2, O2 , NO, C, N, O]. The
47 reaction kinetics model of Mitcheltree and Gnoffo18 is used to
model � nite-rate chemical reactions. The species speci� c heats and
enthalpies are obtained by assuming thermal equilibrium and us-
ing equilibriumstatistical thermodynamics.Species viscosity is ob-
tained using Blottner et al. curve � ts.19 Mixture laminar viscosity is
computedusingWilke’s mixingrule.20 Species thermalconductivity
is calculatedusing Eucken’s relation (see Ref. 21). Mixture thermal
conductivity is obtainedusing Wilke’s mixing rule.20 Species diffu-
sion is assumed to be binary.The diffusion coef� cients are obtained
by assuming a constant Schmidt number of 0.8.

The surface temperature is computed by solving an energy bal-
ance at the vehicle surface14:

j
@T

@g
+

nspc

s = 1

q Dhs
@Zs

@g
= r e T 4

w + qcond (9)

The emissivity of SLA-561V ranges from 0.7 for virgin material to
0.90 for char. For the calculationspresented in this study, a constant
emissivity of 0.85 is applied to the entire con� guration.Conduction
into the vehicle surface is not modeled in the CFD computations,
and so the qcond term is set to zero.

The surface thermochemisty model used in this study assumes
only CO2 recombines on the surface by way of the following
reactions18:

O + [s] ! Os

CO + Os ! CO2 + [s]

CO + [s] ! COs

O + COs ! CO2 + [s]

In the preceding reactions, [s] is an available absorption site on the
surface.

Grid Generation
The grid used to compute the CFD solutionscoveredthe forebody

and shoulder regions of the vehicle. To avoid using a singular line,
the grid was made up of two zones. The � rst zone is a 61 £ 25 £ 65
grid that wraps around the body from the windward trailing edge
across the forebodyto the leeward trailingedge.The second grid is a
7 £ 49 £ 65 grid that models the side of the vehicle. The advantage
of this typeof grid topologyis that it eliminatesthe forebodysingular
axis. The grids used a hyperbolic tangent distribution of normal
points with a � rst grid spacing, normal to the wall, of 2.0e ¡ 6 m.

Grid Sensitivity and Solution Convergence
Each of the solutions presented in this study was run until an ac-

ceptable level of convergence was reached. This was evaluated in
two ways.The � rstwas to lookat theL2 normof thedensityresidual.
The solution process was continued until at least a four-order mag-
nitude drop in the residual was achieved. A typical residual history
is shown in Fig. 5a. The residual, in this case for the 48-s trajec-
tory point computation,shows some initial instabilitybut ultimately
drops approximately � ve orders of magnitude.

The second method used to evaluate the solution convergence
was to track the surface heating rate pro� le on the vehicle forebody.
Heating rate is a fourth-order function of radiative equlibrium wall
temperature and is a good test of solution convergence. A heating
rate history along the vehicle symmetry plane for the 48-s trajectory
point CFD computation is shown in Fig. 5b. The stagnation region

a) Residual history

b) Surface heating rate history

Fig. 5 Convergence evaluation: 48-s trajectory point computation.

Fig. 6 Grid sensitivity study;
surface heating pro� les at the
38-s trajectory point.

took the longest to achieve a steady state generally requiringaround
4000 iterations to do so.

An effort was made to determine whether the grid being used
would produce a grid-independent solution. Four solutions at the
38-s freestreamconditionwere computed.The � rst solutionused the
nominal 61 £ 25 £ 65 and 7 £ 49 £ 65 grids. The second solutions
used a grid that had half as many points in the normal direction.
This grid had a � rst grid spacing of 4.0e ¡ 6 m. The third solution
used a grid with half as many points in all three directions. The
� nal solution used a grid with twice as many points in the normal
direction. This grid used a � rst grid spacing of 1.0e ¡ 6 m.

Figure 6 shows the resulting surface heating rate pro� les along
the symmetry plane. The legend only indicates the wrap-around
grid dimensionsfor clarity.A substantialdifferencein the computed
heating rate pro� le is seen when the number of points in the normal
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direction is increased from 33 to 65. A much smaller change is
seen when the number of streamwise and circumferential points is
doubled (the nominal grid) while keeping the number of normal
points at 65. When the number of normal grid points is increased
from 65 to 129, there is a small difference in the computed heating
rate, primarily in the stagnation region. The maximum difference
between the 65 and 129 normal grid point solutions is 4%. This
small differencedid not justify doubling the computer requirements
and so the 61 £ 25 £ 65 and 7 £ 49 £ 65 grids were used for all
solutions in this study.

CFD Results: Stagnation Line Temperature Pro� les
The CFD solutions provide velocity � eld, temperature,and pres-

sure data for the dust erosionanalysis.Interpolationis used to obtain
data between the CFD points. Figure 7 shows stagnation line tem-
perature pro� les for the six CFD points. Figure 7 also shows the
change in the shock standoff distance that occurs as the vehicle
descends through the atmosphere. The shock moves closer to the
body during the initial part of the descent, up to at least the 48-s
point. Then as the velocity decreases more rapidly the shock lo-
cation moves out. When the shock moves closer, the dust particles
have less space to decelerateand sublimate.The reverse is true when
the shock location moves out.

The sublimation temperatureof silicon dioxide, the primary con-
stituent of Martian dust, will range from 2600 to 2700 K for the
pressures expected during the Mars 2001 Lander descent. The dust
particles heat up rapidly once they enter the shock layer and will
experience sublimation at least until the 60-s point in the trajec-
tory. Sublimation reduces the size of the particles and, therefore,
the damage they will cause.

Heatshield Recession Due to Dust Erosion
The various inputs were fed to the dust erosion code, and the

integrated surface erosion was computed for the Mars Lander 2001
vehicle. Figure 8 shows the surface recession rate at the stagnation

Fig. 7 Stagnation line temperature pro� le.

Fig. 8 Dust erosion rate at the
stagnation point.

Fig. 9 Total surface re-
cession: windward sym-
metry plane.

point as a function of time. The surface recession is a function of
the kinetic energy of the impacting dust particles. The mass mixing
ratio increases with decreasing altitude, but the particle velocity
decreases. The kinetic energy of an impacting particle of constant
size is an order of magnitude less at 20 km than it is at 37.7 km.
The peak recession rate occurs at 55 s and corresponds closely to
the time where the peak dynamic pressure point occurs.

The total recession is obtained by integrating the recession rate
curves over the entire forebody. Figure 9 shows the total recession
on the windward symmetry plane. The windward symmetry plane
is where the maximum recession occurs. The maximum recession
is seen at the stagnation point and is 0.032 mm. The amount of
recession decreases away from the stagnation point. At the vehicle
shoulder the rate is less than one-half the stagnation point value.

The computed dust erosion for the Mars 2001 Lander vehicle
is signi� cantly less than for the aerocapture vehicle analyzed in
Ref. 3. The aerocapture vehicle experienced dust erosion levels in
the 1–10 mm range. The reasons for this can be attributed to the
different typesof entry trajectoryand the different atmosphericdust
modelsused in the two analyses.The aerocapturevehiclehada much
longer exposure time to the dust particles. More recent atmospheric
dust models indicate a more benign situation than was previously
assumed. The largest mass fraction in the dust environmentused in
Ref. 3 was for particlediametersof 5.5 l m. Particlesof this diameter
have an order of magnitude greater mass than the 2.25-l m particles
that are at the peak of the distribution curve used in this study. In
addition, Ref. 3 used a constant mass mixing ratio of 1.0e ¡ 4. In
this study, the mixing ratio varied strongly with altitude and never
exceeded3.5e ¡ 5. The larger diameter particles and larger, constant
mass mixing ratio assumptions were excessively conservative in
view of the more precise atmospheric dust model used in this study
and led to larger TPS surface recession predictions.

Conclusions
Basedon the resultspresented,it wouldappearthatheatshieldsur-

face recession on the Mars 2001 Lander vehicle due to dust erosion
is not as signi� cant as earlier studies had suggested. More recent
atmospheric dust models indicate that the most prevalentdust parti-
cles are smaller and that the dust mass mixing ratio is less than was
previously believed. For the Mars 2001 Lander vehicle analyzed,
dust erosion was found to be insigni� cant. Admittedly, this result is
for a speci� c vehicle � ying a speci� c trajectory at a speci� c point
in time. An aerocapturevehicle, which will experiencea longer ex-
posure time, would experience a greater level of dust erosion, and
there are still uncertaintiesin the dust mass mixing ratio and particle
size distribution models. The techniques presented can be applied
to any Mars entry vehicle and should be used as part of the TPS
design process.
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