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Introduction: The structure and composition of the
Martian atmosphere has been well-characterized [1] and
consists primarily of CO; , N, and Ar. One of the
unique aspects of designing a spacecraft that will enter
the Martian atmosphere is the need to account for the
presence of dust. Small dust particles are present even
under quiescent conditions, and the level of dust signif-
icantly increases when a major dust storm occurs. Dur-
ing or after a dust storm, the dust can extend to altitudes
as high as 50 km [2].

Based on observations taken over decades, major
global dust storms occur on the average of once every
3-4 Earth years [2]. They do not, however, happen at
regular intervals. For example, two major global dust
storms occurred in 1977, and these events provided the
Viking landers with opportunities for gathering data on
the dust storms.The concentration of dust in the atmos-
phere can be estimated by measuring the absorption of
solar radiation. Based on measurements taken by the Vi-
king landers and estimations of the strength of the ver-
tical winds in the Martian atmosphere, it was deter-
mined that the residence time of the larger (5-10 um
diam) particles in the upper atmosphere was between 20
and 50 days after the beginning of a major dust storm
[3].

Because planetary missions to Mars take years from
initial design to arrival at Mars, and because of the un-
predictability of major global dust storms, the design of
the thermal protection system (TPS) of a Mars entry ve-
hicle requires an estimation for the potential damage
caused by dust particle impacts on the heatshield. This
paper will review previous analytical and experimental
approaches to modeling dust particle erosion, and will
compare the legacy models against more modern com-
putational techniques and new dust erosion models that
will be based on upcoming experiments in the German
Aerospace Center (DLR) GBK facility. The various
models will be compared by incorporating them into the
Icarus material response code [3] applied to a repre-
sentative vehicle entering the Martian atmosphere.

Legacy Dust Erosion Models: A previous attempt
to model dust erosion on Martian entry vehicle [4] used

particle impact damage equations that were based on
Apollo-era experiments. The experiments fired 0.4 —
158 mm dimeter pyrex, aluminum, and sapphire
spheres at glass plates. The experimental data, though
based on projectiles much larger than Martian dust par-
ticles, was deemed in Ref. [4] to be the most appropriate
data on which to base their impact damage models. The
damage for an individual particle impact was a function
of the velocity and diameter of the particle at impact.
These parameters were determined by tracking the pro-
gress of the particles through the shock layer by solving
a system of four ordinary differential equations (ODE)
using a multi-step Runge-Kutta technique. The particle
tracking process in Ref. [4] included free molecular and
particle surface sublimation effects. A decoupled com-
putational fluid dynamic (CFD) solution provided the
fluid velocity and density profiles in the shock layer.

Discontinous Galerkin Particle Tracking Code:
A research effort at Stanford University has developed
the capability to compute hypersonic flows in dusty en-
vironments using high-order, discontinuous Galerkin
(DG) methods [5]. The code uses a Lagrangian ap-
proach to tracking dust particles in the shock layer, cou-
pled to an Eulerian gas-phase model. The model pre-
dicts augmented surface heat flux caused by the dust
particles exchanging momentum and energy with the
boundary layer and due to surface impacts. In this paper,
results from the Stanford DG code will be compared
against the ODE approach used in Ref. [4].

Dusty Flow Experimental Data: To aid in the val-
idation of both the DG code development and the im-
plementation of the particle impact boundary condition
in the lcarus material response solver, a series of tests
are planned in the DLR GBK experimental facility that
will include the capability to inject particles into the
wind tunnel flow. The GBK “small probe” used in the
experiments consists of a 10 mm diameter hemispheri-
cal probe mounted on the end of a probe mount. The
nozzle exit Mach number is approximately 2.1.

Icarus Material Response Solver: The Icarus ma-
terial response solver is a three-dimensional, unstruc-
tured code developed at NASA Ames that solves the fi-
nite-volume formulation of the material response equa-
tions including the effects of material decomposition
and ablation [3]. The Icarus code has been previously
applied to analyze the Huygens vehicle during its entry
into the atmosphere of Titan [6].
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The Icarus code has an aeroheating boundary condi-
tions that solves the surface energy balance (SEB) to de-
termine the conduction heat transfer into the TPS mate-
rial including the effects of convective, radiative, and
reradiative heating. If the TPS material is an ablator,
which will be typical for a Martian entry vehicle, the
SEB will also include the effects of pyrolysis gas and
surface ablation. The aeroheating boundary condition in
the Icarus code will be modified to include the effects
of dust particle impact damage, both the legacy and up-
dated damage models, to provide a more comprehensive
estimate of the heatshield erosion during a Martian en-
try.
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