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Heatshield Erosion in a Dusty Martian Atmosphere
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The effects of dust particle impacts on the erosion of the forebody heatshield were calculated for a 26 m
diameter aerobraking vehicle entering a dusty Martian atmosphere at 8600 m/s. An explicit, thin-layer,
Navier-Stokes code was used to compute the dustless flowfield about the vehicle for the actual Martian
atmospheric composition. The deceleration and melting of 1-19um diameter dust particles within the forebody
shock layer were computed. All particles began vaporizing shortly after entering the shock layer, but most
survived to hit the heatshield surface. The two different heatshield materials considered were Shuttle ceramic
tiles and the ablator used on the Apollo capsule. For a vehicle with a ballistic coefficient of 200 kg/m2, the
heatshield surfaces experienced an average of about 7 mm of surface erosion. For the ablator, the increase in the
forebody thermal protection mass was 29%, or about 1.3% of the vehicle’s mass. This modest mass penalty does

not compromise the use of acrobraking at Mars.

Nomenclature

=reference area of entry vehicle, m?
=particle’s surface accommodation coefficient
=constant, Eq. 4
D =drag coefficient
=specific heat of the particle, J/kgK
=drag
=impact crater diameter, m
=particle, or projectile, diameter, m
=total energy per unit volume, J/m?
=internal energy per unit mass, J/kg
=mass fraction (see Fig. 1)
= average heat-transfer coefficient, W/m2K
= static enthalpy, J/kg
= coefficient of thermal conductivity, W/mK
»  =Dparticle, or projectile, kinetic energy
=lift
=Mach number of particle in shock layer, based on AV
=vehicle mass, kg
=mass loading of particles
=mass area density, kg/m?
= particle, or projectile, mass, kg
=total number of particles per unit area encountered
during aerobraking, m—?2
u = Nusselt number
= pressure, N/m?
= Prandtl number
= vaporization pressure, N/m?
=surface penetration, m
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g,  =average heat transfer rate, W/m?

Re = Reynolds number based on particle diameter

Rn =vehicle nose radius, m

r =mean particle radius, m

I'm =*“mode’’ radius, m

ry = dust particle radius, m

s =distance along flight path, m

T =temperature of the gas in the shock layer, K

T, =temperature of the particle, K

T, =vaporization temperature of the particle, K

T, =vehicle wall temperature, K

u =x component of local flow velocity, m/s

v =y component of local flow velocity, m/s

Vv = flight velocity, m/s

Ve = atmospheric entry velocity, m/s

Vy = particle, or projectile, velocity, m/s

Vsk  =skip-out velocity, m/s

« = angle of attack

B =real-gas equation of state parameter

¥ = effective specific heat ratio

AV  =relative velocity between the particle and the gas,
m/s

¢ =specific heat of vaporization, J/kg

0 =angle between particle velocity vector at impact and

the normal to the surface
0 =local flow density, kg/m3

Pp = density of the particle, kg/m?
P = freestream density, kg/m?
T =optical depth, m

Introduction

N May 1990, the President announced an initiative for

space exploration that is to culminate in landing men on
Mars in approximately 20 years. Numerous Mars mission
studies that were made in the past 25 years!-> have shown that
large weight savings can be achieved by using atmospheric
braking instead of decelerating propulsively. Early missions
will likely be the planetary opposition type, which last 14 to 16
months and have shorter trip times to maximize the safety of
the crew. In contrast with the 2 to 3 year-long conjunction
missions, these shorter trip times result in somewhat higher
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entry velocities at Mars, thus requiring the vehicle to have
more heatshielding.

The structure of the Martian atmosphere’ and its composi--
tion8 are known. However, it has also been observed®!? that.

dust particles are present to high altitudes in the Martian
atmosphere. In fact, during or after a major dust storm, the
dust extends to altitudes beyond 35-50 km where derobraking
maneuvers will be performed.'>-!> Small dust particles are
present even under quiescent conditions in the Mars -atmo-
sphere, and the concentration increases by an order of magni-
tude when major dust storms occur. A vehicle arriving at Mars
is faced with the possibility .of having to aerocapture in a
dust-laden atmosphere. Therefore, the vehicles must have
heatshields that are designed to withstand the erosion that is
produced by dust particles that are suspended in the atmo-
sphere to high-altitudes as a result of major dust storms.
The objectives of this paper are to present the results of
calculations that have been made to determine the extent of
the forebody heatshield erosion from dust particle impacts
that occur on a large, blunt, low lift/drag (L/D) ratio aero-
brake configuration. Initial estimates of heatshield erosion,
based on calculations made at one point in an aerobraking
trajectory and for one dust particle size, were published by the
authors.!% In the present paper, the calculations of Ref. 16 are
extended to 1) finding where in the entry corridor the heat-
shield dust erosion is at a maximum, 2) computing the erosion
at many more points in the trajectory, and 3) using a distribu-
tion of dust particle sizes. An inertial reference entry velocity
of 8600 m/s has been used; the relative entry velocity with
respect to the rotating Martian atmosphere is 8400 m/s. This
velocity is near the upper limit that has been considered for
manned missions. The flowfield about a 26 m diam vehicle is
computed at representative flight conditions using the actual
Mars atmospheric composition. The paths, deceleration, heat-
ing, and sublimation of dust particles that enter the shock
layer at various locations are calculated and traced to surface
impact. Since the surface erosion is proportional to the num-
ber, size, and velocity of the impacting particles, these

parameters are determined as a function of forebody location.’

Two heatshield materials are considered. The first one has a
glass surface and is representative of the radiatively cooled hot
surface, backed by insulative material, construction that is
used for the Shuttle tiles. The second one is a low-tempera-
ture, medium-density (545 kg/m?® ablator known as AV-
COAT-5026. The approximate amount of both local and total
ablator removed by dust erosion will be calculated. In addi-
tion, a scaling relation is derived to permit extrapolating the
results to vehicles that have similar shapes and sizes, but have
different entry velocities and ballistic coefficients.

Before proceeding, it is essential to estimate the likelihood
of encountering a heavily dust-laden atmosphere. The focus
here is on global dust storms, as opposed to the frequent, but
short-lived, local ones. At least six and possibly eight global
dust storms were observed at Mars from 1956 through
1982.17-19 If the global dust storm activity during that 26-year
period is assumed to be representative, then there is a proba-
bility of averaging one global dust storm every 3.3 to 4.3

(Earth) years. However, global storms do not happen at regu--

lar intervals. For example, two major storms occurred in 1977.

These events provided the Viking landers with opportunities .

for gathering data of the atmospheric residence time of the
dust.!”-1® By measuring the absorption of solar radiation,
which is increased when dust is present, it was found that the
dust concentration reached its peak about 20 days after the
beginning of the storm. The dust level decreased to the pre-
storm value within about three months. The distribution of
dust particle sizes was deduced. from two independent mea-
surements™0 that will be briefly described later. However,
there is no data on how long the larger particles (5-10 um
diam) that cause most of the heatshield erosion (as will be
shown later) remain suspended in the region of the atmosphere

where aerocapture occurs. In the absence of large-scale verti-

cal atmospheric circulation, 10 um particles would settle to
low altitudes within days, for example. However, dust storms
are, obviously, accompanied by strong vertical winds, or the
dust would not reach the 50-60 km altitudes at which it was
observed from orbit.!2 Therefore, a lower value of 20 days (the
time to reach maximum solar flux obscuration) and an upper
value of 50 days (half the duration of the observed solar flux
reduction) have been chosen to estimate the residence time of
large dust particles. These values result in a probability of
encountering large dust particles during aerocapture of about
2-4% of the time. This probability is high enough so that
provisions for dust-caused erosion of the heatshield must be
included in the design of the vehicle.

Analysis

The shock-layer flowfield surrounding the body is calcu-
lated by using an explicit, finite-difference, shock-capturing
algorithm for viscous hypersonic flows in thermochemical
equilibrium.?® The dustless flowfield is computed using the
actual Martian atmospheric composition. The deceleration,
heating, and vaporization of the dust particles within the
shock layer are calculated, subsequently, in an uncoupled
manner. The dust particles’ trajectories are traced until they

. either vaporize completely or hit the vehicle’s surface. First the

flowfield solution method is discussed. Next the atmospheric
environment is described. This is followed by a description of
the computation of the particles’ trajectories and heating
within the shock layer and a discussion of hypervelocity im-
pacts into the heatshield materials considered here. Discussion
of those topics that were previously covered in more detail'6
will be abbreviated here.

Chemistry Modeling
The actual Martian atmospheric composition® consisting of
95.5% CO,, 1.6% Ar, 2.7% N,, 0.13% O,, and 0.07% CO is
used. The real-gas equation of state can be written as

P = (8- e — 0.5p(u*+ v?)] )
where 8 is the ratio of static enthalpy to internal energy

B = hy/en = hy/(hy — P/ p) )

at a reference value of temperature of 298.15 K.

The equilibrium state of the gas at each grid point is deter-
mined by minimizing the Gibbs free energy subject to conser-
vation of mass and static enthalpy. This procedure is per-
formed within the chemistry routine.?!. A Newton-Raphson
method is used to solve the system of nonlinear equations. The
iteration procedure is continued until the system converges.

The inputs to the chemistry routine are values of enthalpy,
entropy, and specific heat for each chemical species and are
obtained as follows. From 300-6000 K, the values are ob-
tained from JANAF tables. For higher temperatures (6000~
7000 K), values based on an extrapolatlon of the JANAF
data?! are used.

The species considered are CO,, N,, Ar, O,, CO, N, C, NO,
CN, e, and O. The output of the chemistry routine includes
the equilibrium values of temperature, molar mass, density,
and B8, where § is defined by Eq. (2).

Flowfield Computation

The steep gradients occurring in the flow properties across
strong shocks associated with hypervelocity flow computa-
tions can cause numerical stability problems. Flux limiters are
used to control the instabilities across the shock. In the present
computation, flux vector splitting with upwind differencing is
employed. The flowfield solution procedure is described in
detail in Ref. 20. -

The two-dimensional, or axisymmetric, Navier-Stokes equa-
tions for a gas in thermochemical equilibrium were solved
using a combination of a second-order and first-order upwind
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differencing algorithm. The Steger-Warming flux-splitting
technique was used and differencing was performed according
to the direction of signal propagation. However, these split
fluxes are not continuously differentiable through the sonic
points. Therefore, a small correction parameter e was used to
modify the eigenvalues, \; = + A\ = x/)\? +¢), and to
smooth out the discontinuity, thus preventing oscillation of
the solution.?® Second-order upwind differencing is used
throughout the shock layer to resolve the viscous boundary
layer. Through the shock, first-order differencing is used since
second-order differencing through a discontinuity induces os-
cillations in the flowfield solution. The use of the first-order
method through the shock, however, produces some inaccura-
cies and shock smearing, but this can be minimized by grid
restructuring. The use of grid restructuring will be discussed
later.

The governing equations are transformed to a generalized
coordinate system (£,5). Consistent with the thin-layer ap-
proximations for the viscous terms, only the viscous deriva-
tives normal to the wall (y) are considered. Freestream values
are used for the boundary conditions ahead of the shock.
Along the body surface, a nonslip flow condition is enforced,
and realistic wall temperatures are specified. A time step cor-
responding to a maximum Courant-Friedrichs-Lewy (CFL)
number -of 0.49 was used.

The three-dimensional blunt aerobrake configuration is ap-
proximated by using an axially symmetric body. Therefore, it
was only necessary to compute the flow in a plane of symme-
try, thus reducing the computation time by an order of magni-
tude. The hypervelocity flow features, such as the shock wave,
the viscous boundary layer, and the expansion about the cor-
ner of the vehicle, are resolved using a self-adaptive grid
method. An initial flow solution is used, and the grid points
are then redistributed in strong gradient regions. A new solu-
tion is then computed using the adapted grid, thus resulting in
a more accurate flowfield computation by minimizing grid
error. In the self-adaptive grid procedure that is used,?? the
two-dimensional grid adaption problem is split into a series of
one-dimensional problems. The principle is analogous to ap-
plying tension and torsion spring forces that are proportional
to the local flow gradients at every grid point and determining

the resulting grid point distribution by calculating the equi--

librium state of the system. The grid adaption was essential in
restructuring the grid points of the vehicle geometry to mini-
mize both the local and overall numerical errors.

The free-energy minimization technique discussed earlier is
coupled with the gasdynamics to compute the chemical equi-
librium of this complex system. The state of the system is
specified by assigning two thermodynamic properties. Static
enthalpy and pressure are held constant during the Gibbs
free-energy minimization.

" Dust Environment

Observations of the Martian sky and the sun during the two
Viking missions using both orbiter and lander imaging instru-
ments were used to infer atmospheric dynamics and properties
of the dust suspended in the atmosphere. The winds on Mars
frequently exceed the threshold value for setting the dust
particles into motion and short-lived local dust storms occur
frequently. The presence of dust in the atmosphere has a
significant effect on the vertical and horizontal atmospheric
temperature gradients and thus also affects the atmospheric
dynamics. Although a threshold value of winds is required to
set the dust into motion, its presence in the atmosphere also
affects the wind intensity. Thus, there exists a feedback system
between dust loading and the ability of the winds to raise more
dust. This feedback is positive for optical depth of less than
1.25 and negative for larger values of optical depth. Dust
loading is related to optical depth through the following equa-
tion:

m = (¥%)rp,r 3

Although the aforementioned feedback system has been
identified, there are other less well understood factors con-
trolling the development of dust storms. It has been hypothe-
sized® that perhaps the Martian atmospheric pressure is just
barely large enough for the development of global dust
storms. This hypothesis is based on the observation that global
dust storms occur at times close to perihelion, when the wind
speeds may increase with increasing insolation, and that the
optical depth of global dust storm development is very close to
the boundary between positive and negative dust-wind feed-
back.

During the Viking missions, two global dust storms were
observed. At the onset of the storms, a very rapid rise in the
opacity of the atmosphere was observed.!® Observations of
these dust storms provide evidence that local dust storms can
expand into global dust storms and that, once this expansion
begins, it proceeds very rapidly, reaching mean meridional
velocities up to 30 m/s.

Observations during the dust storms were performed with
several imagers, and solar opacity measurements from the
landers’ cameras provided valuable information of dust parti-
cle sizes. In addition to the Viking landers’ ground-based
measurements, much information about particle sizes and
composition was deduced _from the infrared interferometric
spectrometers on board the Mariner 9 orbiter (1971 storm) and
the Viking orbiter (1977 storms). The Mariner 9 data were
extensively analyzed in Ref. 10 where a particle size distribu-
tion was derived. The resulting modified gamma distribution!?
has the form

N(ry = C r2 expl — 4(r,/rn)"] 4

where a value of the mode radius r,, of 0.4 (10~%) m has been
used. As is to be expected from Eq. (4), the most abundant
particles have diameters of 0.8 um. However, when the mass-
averaged size distribution is calculated using Eq. (4), and the
normalized mass fractions are plotted (see Fig. 1), the mean-
mass particle diameter becomes 5 um whereas particles that
are 1 ym or less in size contribute negligibly. The 5 ym mean-
mass size was also deduced from both the ground- and space-
based measurements.*!® For simplicity, 5 pm diam particles
were used in the heatshield erosion calculations previously
reported.'s In contrast, the size distribution shown in Fig. 1
will be employed in the present calculations. The particle
shape and composition were also deduced!® from the data.
The particles’ shapes were deduced to be plate-like. However,
because the particle orientation will be random and to simplify
the present calculations, a spherical shape will be used. The
composition of the particles was found to be clay-like, consist-
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Fig. 1 Dust particle mass fractions.
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Fig. 2 Drag coefficient vs Reynolds number,

ing primarily of Montmorillonite and some basalt. The pri-
mary constituent, about 70%, is SiO,, with 15-20% being
AlLO; and a few percent of iron oxides, among other trace
compounds, being present.

The vertical distribution of dust particles in the atmosphere
was also inferred from both ground-based and satellite-based
light absorption measurements and upper atmospherlc tem-
peratures. 9-1118 From these data it was inferred that during a
major dust storm and for some period (of at least weeks) after
the peak intensity of the event, the dust was uniformly mixed
within the atmosphere. The dust extended to an altitude of at
least 40 km, and the mass-mixing ratio was about 104, That
is, the ratio of dust mass per unit volume to ambient atmo-
spheric gas mass per unit volume was 10~4, and this ratio
remained constant to an altitude of at least 40 km. For lack of
more definitive mass-mixing data, the mixing ratio of 10-4
will be used here to altitudes as high as 56 km. However, most
of the aerocapture maneuver occurs at altitudes very close to
40 km, as will be shown subsequently.

Dust Particle Tracing

The dust particles encountered by the vehicle move through
the shock layer with a velocity that is different from that of the
local flowfield. The drag and heat transfer experienced by the
particles are determined by the relative velocity between the
particles and the flow velocity, which is found numerically.
The effect of the dust particles on the shock-layer flowfield is
neglected, thus permitting the uncoupling of the flowfield and
particle motion computation. This assumption should be valid
for the very small mass-mixing ratios of 10~* encountered
here.

The dust particle motion is governed by the conservation

equations of momentum, mass, and energy. By combining the

expression for acrodynamic drag with Newton’s second law of
motion, it can be shown that the equation of motion of a
spherical particle in the shock layer is

4%, 3 (s)(C
4 8<pp><rp>(AV)2 &)

Although opacity measurements indicate that the dust parti-
cles may have plate-like shapes, here it is assumed that the
particles are spherical. This is considered to be a reasonable
. assumption for modeling the interaction of the dust particles
with the flowfield since the particles will tend to have a ran-
dom orientation. '
The trajectories and heating of particles in a hypersonic
‘shock layer have been formulated previously.?* However, the
nature of the shock-layer flow in which the particles are im-

mersed is very different here from that discussed in Ref. 23. In
Ref. 23, the Reynolds numbers of the particles are on the
order of 1000 or greater. Therefore, the particles experience
continuum flow and are assumed to have a constant Cp of
about one, at relative supersonic speeds. In contrast, the dust
particles being studied here, typically, have Reynolds numbers
based on particle diameter, of about one and are in the transi-
tional or free-molecular flow regime. In these rarified flows,
the drag coefficients can be much higher than in continuum
flow.

The drag coefficient correlation® that is used in evaluating
Eq. (5) covers a wide range of conditions applicable to contin-
uum, transitional, and free-molecular flow regimes.?’ The cor-
relation incorporates the effect of a temperature difference

"between the spherical particle and the gas and includes particle

Reynolds number and Mach number based on relative veloci-
ties. An example calculation for the drag coefficients of spher-
ical dust particles at relative Mach numbers from 2 to 3.5,
within the vehicle’s shock layer, is shown in Fig. 2. The Cp
values vary from about 1.8 to 2.9 over the Reynolds number
range from 10.to 0.1, respectively; these drag coefficients are
much higher than the continuum flow values.

As the dust particles enter the hot shock layer surrounding
the vehicle’s forebody, they are rapidly heated. Once the parti-
cle’s surface temperature reaches the sublimation value, the
surface vaporizes and the particle will shrink in size as it
traverses the shock layer. If the particle’s initial size is suff-
ciently small, it may vaporize before hitting the heatshield or
become so small that it may follow the flow streamlines and
not hit the vehicle’s surface. Therefore, for large vehicles such
as the one being considered here that have thick shock layers,
the sublimation of the particles must be considered.

The dust particles are sufficiently small to experience rar-
efied or at times free-molecular flow within the shock layer of
the blunt body The heat transfer to the dust particles will be
computed using the following rarefied flow expression?6:

0 2. W 2 - M
I—YE——I+(‘”) ( > Nu®

Nu y+1 a / RePr ©
where Nu is defined as
hd
Nuy =—2L
“ k ™

An accommodation coefficient of 0.9 was used in the compu-
tations.?” In Eq. (6),

Nu® =2+ 0.459 Re®35 pro-33
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The heat transfer that is computed from Eq. (6) is shown in
Fig. 3 and compared with other computations and empirical
fits to data.?” The agreement is reasonably good considering
the complexity of the phenomena that are being modeled.
Note that the Nusselt numbers (heating rates) are much lower
in rarefied flow than in continuum flow. Only the convective
heating of the particles has been considered. The heating of
the particles by shock-layer radiation from the two most
prominent radiators, the CO(4 +) and CN molecules, was
calculated but found to be negligible.

The surface temperature of the particles is found from the
following expression?®:

a7, 6h
P2 _ T—T, 8
4t = ped, T ®)

The sublimation temperature relation for SiO,, glassy mate-
rial, is?

57400

=— 9

Y 18.5 — P, ©
For typical conditions of interest here, T, is about 2600-2700
K. When the particle’s surface temperature reaches the vapor-
ization temperature, the particle size shrinks. The rate of
change of the particle diameter can be written as

drp _ 1 (Gw
@3l o

where { is given®® as 8.6 x 10° J/kg.

Equations (5), (6), (8), and (10) form a mildly stiff system of
four ordinary differential equations. A multistep Runge-Kutta
formulation is used to solve this initial-value problem. The
technique used is a one-step integratoi that advances the solu-
tion a single step in the direction of dust particle velocity and
is iterated until convergence is reached. The time step is con-
trolled by the integrator. The integration is terminated when
the particle vaporizes completely or hits the vehicle surface.

Hypervelocity Impact Phenomena

The determination of cratering of surfaces that are sub-
jected to hypervelocity impacts still defies precise theoretical
analysis. The complexity of the problem is due to the many

factors that affect the size and shape of the craters. Although
it has long been known that the kinetic energy of the impacting
projectile is the most important factor,3! other parameters
such as the composition, density, and strength of both the
target and the projectile, in addition to the shape and size of
the projectile, can have a major influence. This multiplicity of
parameters has made it necessary to treat the impact damage
phenomenon empirically.’>33 Since the derivation of the mi-
crocratering relations that will be used here has been presented
previously,'6 only an abbreviated version will be given.

Since the impacting dust particles are composed primarily
of silicates, it is assumed that experimental data using small,
spherical, Pyrex glass projectiles can be used to represent the
impact eéffects created by the dust particles. Two different
heatshield materials are considered, based on previous entry
heatshielding calculations.!* For entry velocities up to 8600
m/s, it was found that vehicles having ballistic coefficients in
the vicinity of 100 kg/m?, or less, can be radiatively cooled if
the heatshield surface has a high emissivity and inhibits atomic
and molecular recombination. Therefore, a Shuttle tile refrac-
tory material, such as FRCI-12, (192 kg/m?), was considered.
The tile’s tetraborosilicate, black, glass surface is essential to
achieve a high emissivity (0.8-0.9) and also inhibits surface
reactions. This surface glass layer is about 0.35 mm thick.
Below the glass surface is the low-density silicate insulation
that is structurally much weaker. For lack of data on a more
representative material, the surface impact damage was mod-
eled by using experiments performed on glass slab targets. For
vehicle ballistic coefficients of 200 kg/m? and greater, the
heating rates exceeded 100 W/cm? over most of the forebody,
thus requiring an ablative heatshield. The ablator that is con-
sidered here is AVCOAT-5026, a medium density, epoxy resin
impregnated, silicaceous material that was used on the Apollo
capsule for lunar return.

During the Apollo project, concern about micrometeoroid
damage to windows led to simulation and studies of hyperve-
locity impact into glass slabs. The experiments that were per-
formed yielded valuable information on the dimensions and
shapes of craters produced in glass as a function of projectile
size and velocity.?* For spherical projectile diameters of 0.4 to
1.6 mm, the velocities ranged from about 250 to 7000 m/s.
The data were fit empirically based on the assumption that
crater diameter is proportional to the kinetic energy of the
projectile to the one-third power. (This scaling relationship
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Fig. 3 Nusselt number vs Reynolds number.
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appears to be approximately valid over many orders of magni-
tude in energy, from micro- to macrocraters).> The expres-
sions that were derived and will be used to predict the ratios of
crater diameter and depth to projectile diameter in glass are,
réspectively,

D./d, = 0.113V)%7 (11
and
p/d, =0.3016d2*V357 (12)

The crater depth produced in virgin AVCOAT ablator by
impacting small glass projectiles was determined empirically®
and is given as

p/dp = 0.0346((1,_,)0’06 Vg'667 L (13)

However, Eq. (13) is not valid when the surface is ablating. To
approximately account for the greater damage that will occur
to the low-density charred surface material during ablation,¥
the crater depth given by Eq. (13) has been increased by
applying inverse density scaling. (The density of the char is
about one-half that of the virgin ablator, and this ratio was
raised to the — 0.6 power.) In view of the uncertainty of the
material’s response during ablation, keeping the extremely
weak dependence on particle size on the right-hand side of Eq.
(13)is not warranted. An impacting particle size of 3 ym was
used in Eq. (13) to arrive at the following expression that will
be used here:

p/d, =0.024V% (14)

Since no information could be found to determine crater-to-
projectile diameter ratios for either virgin or ablating AV-
COAT, it was assumed that the crater had a hemispherical
shape. In that case, D, = 2p, which gives

D./d, = 0.048V 057 (15)

The number of dust particles per unit drea that the vehicle
encounters during an aerobraking pass are found by integrat-
ing the atmospheric mass density along the trajectory and
multiplying the result by the ratio of particle density to atmo-
spheric density. Assuming that the dust mixing ratio is inde-
pendent of attitude and using a value of 10~* for major dust
storm conditions leads to

N = (10"4/2me,,)§pa, ds (16)

The size and velocity of the dust particles at the time of
impact on the vehicle’s surface is found from the flowfield/
particle interaction computation. Knowing particle size and
velocity vector at impact permits evaluation of the crater
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Fig. 4 Aerocapture trajectory (showing calculated points).
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Fig. 5 Vehicle geometry used for calculations.

depths and diameters. Combining knowledge of the shape,
area, and depth of each crater with the number of impacts per
unit area leads to the local surface erosion depth, Xp, where

Ip ~ D2pN(cos 6)" %))

In Eq. (17), the cosine term is used as a geometric factor at
impact and is also used to estimate the effect of multiple,
sequential impacts, since crater depths in the same area are not
directly additive, usually. For example, once a crater is
formed, it is probable that subsequent impacts will occur
nearer the edge of the original crater rather than at its center
where the depth is greatest. For the shallow craters that are
formed in glass, n < 1, whereas for the assumed hemispherical
crater shapes inn AVCOAT, ¢ =45 deg and n = 1 were used.
The preceeding values for n and # were chosen to be somewhat
conservative since more precise numbers could not be found.

Results

In the results that will be presented here, it has been as-
sumed that the influence of the dust particles on the shock-
layer flow can be neglected. The decoupling of the particle
computation from that of the flowfield greatly simplifies the
formulation of the problem and speeds convergence. The ra-
tionale for the decoupling is based on the low particle density
to freestream density ratio of 10~4; within the forebody shock
Jayer, the ratio decreases to about 5(10) ¢, or roughly 10 dust
particles/m?. Therefore, the flowfield computations to be
shown will be for a dustless Martian atmosphere. The effect of
the shock-layer flow on the deceleration, heating, and melting
of the dust particles at various body locations will be illus-
trated. Knowing the dust particles’ sizes and velocities at heat-
shield surface impact enables the estimation of surface ero-
sion.

Vehicle Aerocabture Trajectory

The results of the computations to be shown were made for
one aerocapture trajectory. The entry velocity relative to the
rotating atmosphere was 8400 m/s, the vehicle’s maximum
L/D was 0.3, and lift modulation was used. The ballistic
coefficient was taken to be 200 kg/m?. A trajectory near the
upper; or overshoot, boundary of the entry corridor was cho-
sen, primarily since the erosion was found to be more severe
than near the lower, or undershoot, boundary. (If the dust
particle size distribution is assumed to be independent of
altitude as was done here, then essentially the same total
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Fig. 6 Flow properties on stagnation streamline (altitude = 41.65 km, Vo = 6831 m/s): a) temperature, b) pressure, and c) density.

number of particles are encountered along all trajectories
within the flight corridor. However, the vehicle’s shock-layer
gas density is lowest at overshoot so that the dust particles are
decelerated and heated less and hit. the surface more energeti-
cally.) The trajectory that was used is illustrated in Fig. 4. Also
shown in Fig. 4 are the 10 points along the trajectory where the
heatshield erosion was calculated. The 10 points span altitudes
from 41 to 56 km with 5 points being below 45 km where the
greatest numbers of particles were encountered. '

Dustless Flowfield

The flowfield about the body was computed at zero angle of
attack. The configuration was a 70 deg half-angle cone with a

nose radius equal to the body radius that was 13 m (see Fig. 5).
The axisymmetric flow about the body was computed using a
106 x 64 grid. Thermodynamic and chemical equilibrium were
assumed; this assumption is valid, especially below 50 km,
because of the large size of the vehicle. The forebody flowfield
solution was well converged after 35 min of CPU time using a
CRAY-YMP computer. Along the windward surface of the.
vehicle, the wall temperature was assumed to be invariant with
location, but the temperature was varied as a function of
heating rate along the trajectory. A maximum wall tempera-
ture of 2000 K was, somewhat arbitrarily, chosen since that
value was between the surface temperatures of ceramic tiles
and the ablator, AVCOAT. (The heatshield erosion results to
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be presented are not sensitive to moderate variations in wall
temperature, such as £ 500 K.)

An example calculation of a portion of the forebody flow-
field is shown at a flight velocity of 6810 m/s and altitude of
41.65 km. The stagnation line flowfield properties of tempera-
ture, pressure ratio, and density ratio for this case are shown
in Fig. 6. The shock standoff distance on the stagnation
streamline is about 0.73 m. In the inviscid region of the shock
layer, the density jump across the shock is about 18. Note that
the laminar boundary layer occupies about 25% of the shock

layer for this case where a 2000 K wall temperature was used.
A laminar boundary layer has been assumed throughout. (In
reality, it is very likely that transition to turbulence would
occur on the forebody and that the boundary layer would be
fully turbulent in the vicinity of the shoulder. Since most of
the deceleration and heating of the dust particles occur in the
inviscid part of the shock layer, the state of the boundary layer
should not have a major influence.) The behavior of dust
particles within the shock layer, at the aforementioned point
in the trajectory, will be discussed next.

Dust Particles in Shock-Layer

The conditions experienced by a dust particle, which has an
initial diameter of 5 um and enters the shock layer at a loca-
tion that is a radial distance of about 4 m from the stagnation
line, will be illustrated. The particle experiences rarefied flow
within the shock layer and has a Reynolds number of about
0.6 at M = 3.5. The resulting drag coefficient is about 2.25,
causing the particle to decelerate to 40% of its initial velocity
at surface impact, as can be seen in Fig. 7a. The surface
temperature of the particle is shown in Fig. 7b. About 15 cm
beyond the shock, the vaporization temperature is reached
and the particle continues to sublimate as it moves toward the
wall (see Fig. 7¢). At surface impact, its size has decreased by
22%. Therefore, the kinetic energy of the example particle has
been reduced to about 8% of its initial value by shock-layer
gas drag and heating. Since the hypervelocity impact crater
depth is proportional to the kinetic energy to the one-third
power for many materials, the shock-layer/particle interaction
reduces the surface erosion to less than one-half the value that
would be found if the particle deceleration and vaporization in
the shock layer were ignored.

The effect of the initial sizes of the particles and where they
enter the shock layer is considered next. Initial particle diame-
ters ranging from ! to 19 um, in increments of 2 um, were

- considered and radial distances ranged from the stagnation

point to 12 m, or near the vehicle’s shoulder. Examples of
sizes and velocities of the particles at surface impact are shown
in Fig. 8, for two particles having inijtial diameters of 5 and 7
pm and for all 10 points along the vehicle’s trajectory. Since
the shock-layer thickness more than doubles in going from the
stagnation point region to the vehicle’s shoulder, small parti-
cles entering the shock layer at large radial distances can
vaporize completely before hitting the surface. In contrast,
particles that are initially 5 pm, or larger, will still hit the
surface, although all but the largest ones will have been
strongly decelerated. Note also from Fig. 8 that at flight
velocities below about 6000 m/s for an aerocapture trajectory,
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the heat transfer to most of the particles ceases to be large
enough to cause significant vaporization. (However, the parti-
cles entering the thick shock layer that exists near the vehicle’s
shoulder can reach their vaporization temperature and con-
tinue to shrink at flight speeds down to 5000 m/s. This can
occur because the vaporization temperature decreases with
decreasing pressure [see Eq. (9)] and the pressure in the shock
layer becomes smaller as the flow expands from the stagnation
region toward the body’s corner.) Data such as those in Fig. 8
are used to compute the extent of surface impact damage over
the entire atmospheric trajectory.

Surface Impact Erosion

To determine the surface erosion from particle impacts, the
number of dust particles per unit area that enter the shock
layer during the entire aerobraking pass must be calculated.
This is done using Eq. (16) and noting that, since manned
vehicles must fly shallow trajectories to limit the deceleration
loads, the summation of forces tangential to the flight path
can be approximately written as

- m<%l—;> = V3pe V2CpA (18)

Combining Eq. (18) with the kinematic relation ds = Vd¢ and
after substituting the result into Eq. (16) and integrating from
entry to skip-out velocity yields

2(10-%
Emep( m/CpA) tn(Ve/ Vsx) 19

The surface erosion is now computed using the information
such as that presented in Fig. 8 and the cratering relations for
the appropriate material. For a glassy material, Egs. (11),
(12), and (17) have been combined and are used to arrive at the
values that are plotted in Fig. 9. (Note that in Fig. 9 only the
curve for m/CpA = 200 kg /m? has been calculated precisely.
The curves for vehicles with ballistic coefficients of 100 and
300 kg/m? are only approximate since the linear m/CpA
scaling based on Eq. (19) was used. In reality, changing the
vehicle’s ballistic coefficient alters the vehicle’s trajectory so
that the dust particle heating and deceleration shown in Fig. 8
would also change. However, the latter effect was ignored in
Fig. 9). As might be expected, the erosion is greatest at the
stagnation point, where the impacts have the highest energy,
and declines to almost half at a radial distance of 12 m. The
stagnation point region surface erosions range from being 14
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to 40 times the thickness of the glassy layer that covers the
Shuttle ceramic tiles. If a radiatively cooled heatshield is to be
used on the vehicle, then the entire forebody surface requires
extra protection. A possible candidate material may be tough-
ened, fibrous insulation (TUFI) being currently developed to
protect Shuttle tiles from ice crystal and raindrop impacts.
Since no experimental hypervelocity cratering information is
available on this new material, it is not yet possible to calculate
the thickness or mass required to gain protection from dust
particles during Martian aerobraking.

For ablating AVCOAT, Eqs. (14), (15), and (17) have been
used to calculate the surface erosion values that are shown in
Fig. 10. Both the magnitude of the values and the distribution
of erosion with radial distance are similar to the glass surface.
Simple inverse density scaling would predict much greater
erosion for ablating AVCOAT than for glass. However, the
density effect is offset by the extreme brittleness of glass [see

Egs. (11), (12), (14), (15), and (17)]. It is now possible to’

estimate the additional virgin ablator mass that must be added
to the heatshield to withstand entry at 8600 m/s during dust
storm conditions. The following additional masses are calcu-
lated for vehicles having ballistic coefficients of 100, 200, and
300 kg/m?, respectively: 950, 1900, and 2850 kg. The heat-
shielding mass that is removed by erosion is compared with the
amount of ablation material required for thermal protection.
For example, a forebody thermal protection material mass
(for AVCOAT) of 6600 kg was calculated'* for a Mars aero-
braking vehicle of similar size and approximate configuration,
using the same entry speed and having a ballistic coefficient of
200 kg/m? in a dustless environment. Therefore, the addition
of 1900 kg of ablator increases the forebody thermal protec-
tion system mass by nearly 29%; however, the total entry
vehicle mass is increased by only about 1.3%. Also, the mass
of virgin ablator that was needed to account for dust erosion
is a conservative value, primarily because the erosion and
ablation calculations were performed in an uncoupled man-
ner.

It is also pertinent to estimate the effect that the vehicle’s
ballistic coefficient and entry velocity have on the extent of
surface erosion. First it is assumed that the dust particle im-
pact velocity is proportional to the entry velocity. Second, the
assumption is made that vehicles of similar shape and size will
have approximately the same fraction of particles that enter
the shock layer hitting the vehicle’s forebody surface. There-

fore, substituting Eqgs. (14), (15), and (19) into Eq. (17) leads
to the approximate relation

Ip ~ (m/CpA)VE W(Ve/Ver) (20)

The approximate linear dependence on the vehicle’s ballistic
coefficient was established previously in Eq. (19). Note, also,
that the surface erosion is approximately proportional to the
square of the entry velocity. By using Fig. 9 or 10, depending
on the heatshield material, in conjunction with Eq. (20), it is
possible to estimate surface erosion on a vehicle of similar size
and shape as that used here. However, the present results are
not applicable to vehicle configurations having very different
shock-layer thicknesses since the deceleration and melting his-
tory of the dust particles can vary widely.

Finally, it is important to determine which size particles
cause the most erosion of an ablating surface. Although small
particles are most abundant, many do not reach the heatshield
or hit at modest velocities (Fig. 8). In contrast, large particles
are not decelerated much in the shock layer but account for
only a small fraction of the total number. In Fig. 11, the
contributions to the erosion of the ablating AVCOAT surface
are shown for the range of particle sizes considered. Note that
much of the erosion is caused by particles ranging in initial size
from 4 to 15 pm, with the most severe damage coming from
those that are 7 to 9 um in diameter. Therefore, it is recom-
mended that aeronomy experiments be made during future
Mars missions to determine the lifetime of dust particles in the
aforementioned size range at altitudes in the neighborhood of
40 km and following major dust storms.

Concluding Remarks

The effects of dust particle impacts on the erosion of two
different kinds of heatshielding materials were calculated for a
26 m diam aerobraking vehicle entering the Mars atmosphere
at 8600 m/s. The approximately 2-4% probability of encoun-
tering dust storm activity on arrival at the planet requires that
the vehicle’s heatshield be designed for these conditions. An
explicit, thin-layer, Navier-Stokes code was used to compute
the dustless flowfield about the vehicle for the actual Martian
atmospheric composition. The deceleration and melting of the
dust particles within the forebody shock layer were computed
for dust spherules having initial diameters from 1 to 19 gm.
Although all particles considered began vaporizing shortly
after entering the shock. layer, most survived to hit the heat-
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shield surface. Two different forebody heatshield materials
were considered. The first consisted of Shuttle ceramic tiles
with glassy surfaces, and the second was a medium-density
ablator known as AVCOAT-5026. For the blunt-cone config-
uration that was considered here, the surface erosion peaked
at the stagnation point and declined to nearly half the stagna-
tion point values at a radial distance of 12 m. For example, a
vehicle with a ballistic coefficient of 200 kg/m? and a glassy
heatshield surface experienced an average of 7 mm of surface
erosion, or about 20 times the thickness of the black glassy
layer on ceramic tiles. The same vehicle usmg AVCOAT abla-
tor experienced similar amounts of erosion. An additional
1900 kg of virgin AVCOAT was required to protect the vehicle
during an 8600 m/s entry aerocapture maneuver in a dust-
laden - atmosphere. However, the additional mass of virgin
ablator that was needed to account for dust erosion is a
conservative value since the erosion and ablation calculations
were performed in an uncoupled manner. The resulting in-
crease in the forebody thermal protection mass was 29%, or
about 1.3% of the vehicle’s mass. Although additional heat-
shielding material must be provided for protection when enter-
ing a dust-laden atmosphere, the mass penalty does not com-
promise the use of aerobraking at Mars.

An approximate scaling law was derived for dust-caused
heatshield surface erosion. The scaling relation predicts that
for a given vehicle size and shape the erosion is, to first order,
directly proportional to the vehicle’s m/CpA and to the
square of the entry velocity.

Lastly, it was found that particles having initial-diameters of
7 to 9 um cause the most damage. It is recommended that
future Mars aeronomy missions attempt to measure the life-
times of these large dust particles at high altitudes, near 40
km, following major dust storms.
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