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An aerothermodynamicstudy of the Mars Pathfinder aeroshell is carried out through a viscous-shock layer (VSL)
analysis with and without surface ablation. Stagnation-point results are obtained along a specified trajectory, and
detailed calculations along the body are provided at the peak-heating point. The formulation of VSL equations
with a new length scale and the implementation of the Vigneron pressure condition predict the extent of the
subsonic region and the surface pressure, which compare well with Navier-Stokes calculations. For equilibrivimn
as well as nonequilibrium flow results, a gas composed of 16 species is used to model the shock layer for the
Martian atmosphere (97% CO; and 3% N;). A physically consistent surface recombination model (which allows
for the diffusion limitation of reactants) for CO; is obtained. A parametric study at the trajectory peak-heating
point suggests that surface catalysis has the largest effect on heating prediction. The maximum stagnation-point
heating of 127 W/cm? is obtained at an altitude of 40.7 km from nonequilibrium chemistry calculations with
fully recombined CO; as the surface boundary condition. Equilibrinm chemistry gives a similar value for the
nonablation case at this altitude. Calculations have also been carried out to evaluate the reduction in heating
becanse of ablation. A decrease of about 9% in the stagnation-heating value (with equilibrium chemistry) is
obtained at the peak-heating point.
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Ci = mass fraction of element k, Poo = fre;?str.eam pressure )
3 S (M /MHC; Grad = radiative heat transfer ra&e, q;‘id / (53; Uz
C, = frozen specific heat of mixture, Y, C;C,.; (Iliu‘)' = wall heg? transfer rate, g,/ (03, US)
Cpi = specific heat of species i, C* . /C* N = nosc racius, m
8 ] » pid ,00 _ .
Ci,, Cs,,Cs3,, = curve-fit coefficients for equ111br11{1m RS, = shgulder radius, m
Csr.Cs, constants Kgo,, . _ REniv = un(;;'ersal gas C(()ingtant, 8?14.f3 Jkg- moltte -K
Dz* . = binary diffusion coefﬁcient, Irl2 /s r = radius measured 1rom axis o symmetry Ooa
—J - - . ;
Dy = effective diffusion coefficient for mixture, point on the body surface
m/s s* = coordinate measured along the surface, m
*
hi _ = enthalpy of species i, h}/U? T = temperature, K
T = mass flux of species i, kg/mof. s T3,, = ?ecetllc‘gc?r?xrl tt;,(mperatute for the forward
K = thermal conductivity of mixture, TR
K*u*(T*)C* y Teewr = radiative equilibrium wall temperature, K
et peo . T = reference temperature U*2/C* | K
Krg.r = equilibrium constant for reaction e N oo/~ p,o0
- kK Uz = freestream velocity, m/s
it ,d fr! by fhicient. m/ v = velocity normal to body surface
ads.i =a sirptu()jn rate coefficient, b S . xi = mole fraction of species i
ks, = bac war reactlonlrate coe glent 1ozr X+ = distance along the body axis, m
. ;eactlocrll r, coo/mole - s orﬂ;:rr.l / mfo s ¥; = recombination probability of species i
b = orw%r re'i\ctlon rate coefficient for reaction 7 = adsorption probability of species i
. r,cm’/mole - s . Sk = number of atoms of the kth element in
K = recombination rate coefficient, m/s species i
_ 3 * Ty * * .
Le = Lewis number, ﬁ D, Cp/K g = char emissivity, 0.78
M, = freestream Mach number BN . = Reynolds-number parameter based on
My = molecular weight of species i : RE, (u*./p% RL U2
) = mass injection rate, m*/p* U* = - N> WHret/ Poo ' oo
= J i PooYoo Esh = Reynolds-number parameter based on

3 (gl Po RGUL)'?
= transformed normal coordinate, n/ng,
= viscosity of mixture, u* /%
= reference viscosity, u*(7 %), N - s/m?
= density of mixture, kg/mé‘3
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i = ith species

J = jth species

k = kth element

w = wall value

- = gas—solid interface value resulting from
surface ablation

Superscripts

des = desorption

net = net

N3 = incident

* = dimensional quantity

Introduction

VISCOUS shock layer (VSL) analysis of high-energy entry

and aerobraking into the Martian atmosphere for a manned
mission was reported in Ref. 1. Since that study, the Mars En-
vironmental Survey (MESUR) concept® has been developed as a
relatively low-cost, near-term approach to a Mars network mission
which would be part of an evolutionary strategy for Mars explo-
ration. This concept is to serve as a precursor to a series of robotic
and human missions. Recently, the MESUR Pathfinder program has
been suggested as a single-flight discovery program to obtain en-
gineering information about launch, cruise, entry, descent, landing,
rover, instruments, and scientific knowledge of the Martian atmo-
sphere and surface.

Because of the large aerobrakes required for a manned missions,
the analysis of Ref. 1 assumed the flowfield to be in thermochemical
equilibrium. A comparison of results from the parametric study of
Ref. 1 and those obtained in Ref. 3, however, suggested that for
aerobrakes with small nose radii (Ry; < 2.3 m) and altitudes greater
than about 35 km, the flow may not be in chemical equilibrium. Since
the aeroshell nose radius for the MESUR Pathfinder is 0.6625 m
and the peak heating is predicted to occur at about 41-km altitude,

\R'sh =0.025 D*

D*=265m
Ry = 0.25 D*

707

Fig. 1 Aeroshell configuration for MESUR pathfinder.
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a chemical nonequilibrium calculation is required for designing the
Pathfinder aerobrakes. Reference 4 recently showed that thermal
nonequilibrium for the MESUR mission is negligible.

The purpose of this work is to discuss results from an aerothermo-
dynamic study of the MESUR Pathfinder aeroshell shown in Fig. 1.
The forebody of this Viking-type Pathfinder aerobrake is a 70-deg
sphere cone with a nose radius of 0.6625 m, base diameter of 2.65 m,
and shoulder radius of 0.06625 m. The atmospheric entry trajectory
given in Table 1 (based on COSPAR summer mean model>%) is
considered for this analysis. Entry is defined to occur at an atltitude
of 125.00 km, and the entry angle for the aerobrake with a ballistic
coefficient (m/CpA) of 55.00 kg/m? is —14.20 deg.

For present analysis, the VSL method of Ref. 7 has been modified
to implement a 16-species (O, O;, 0%, 03, N, N;, NO, NO*, e~
C, C;, CO, CO,, CN, C*, and CO™) reaction model for the Martian
atmosphere. This model is adapted from the work of Ref. 8 and is
consistent with the equilibrium chemistry model of Ref. 1. Since
the concentrations of NO, NO*, and OF are not significant under
equilibrium conditions, these species were not included in Ref. 1.
However, in a finite rate calculation, the molecular ions NO* and
07 (and also CO™), which attain a high concentration® immediately
behind the shock wave, provide the initial free electrons needed for
triggering the electron impact ionization processes. These processes
in turn control the chemical equilibration process for the entire flow-
field. Thus, the 16-species reaction model employed in this study is
considered to be adequate and computationally efficient to analyze
the thermochemical issues in the Martian atmosphere, consisting of
a CO,—N, mixture.

Since surface recombination model plays an important role in
evaluating surface heating for a nonablating surface, a physically
consistent model is proposed for the surface recombination of CO,.
An evaluation of this model is made by comparison with the equi-
librium catalytic wall boundary condition. These finite rate surface
heating results are compared with those obtained from the equilib-
rium chemistry calculations of Ref. 1, and an estimate is provided
of chemical nonequilibrium through the trajectory given in Table 1.
Results are obtained from a parametric study of the sensitivity of
surface heating to the uncertainties in reaction rate constants, sur-
face temperature, and the transport properties. Also, an evaluation of
stagnation radiative heating is made through the trajectory for equi-
librium chemistry. Finally, an evaluation of the reduction in heating
with ablation (for equilibrium chemistry) is made at the trajectory
peak-heating conditions.

Analysis

Flowfield Equations

The flow in the shock layer is assumed to be steady, laminar, and
compressible over an axisymmetric body similar to that used for
Martian and Earth entry studies.!® The VSL equations employed™ 1
to analyze such a flow are those of a multicomponent reacting
gas mixture in thermal equilibrium under conditions of chemical
nonequilibrium and equilibrium. The present analysis provides a
detailed description of the finite rate chemistry model, the surface
recombination model for CO,, and the flowfield thermodynamic
and transport properties. The ablation injection and the radiative
transport models (used with equilibrium chemistry) are those of
Ref. 1. '

Table 1 Freestream conditions for the Martian atmosphere (Cco, = 0.97 and Cy, = 0.03) and stagngtion-point heating for MESUR (Fig. 1)

| —g, Wiem?

Altitude, oL TZ, P Uz, By or Re_% J— Nonequilibrium

km kg/m? K N/m? km/s ref, RY Moo K NCW FRCO, Equilibrium
74.28 0.497 x 1073 139 0.13 7.66 0.133 40.11 1663 20.17 37.32 35.19
59.97 0359 x 10~4 144 0.88 7.58 0.049 38.88 1987 21.00 72.63 71.89
47.27 0.153 x 103 155 442 7.18 - 0.024 35.60 2247 32.07 118.90 111.97
40.70 0.323 x 1073 162 10.09 6.59 0.016 31.57 2288 41.42 126.63 120.87
36.87 0.501 x 1073 166 15.15 6.01 - 0.013 28.86 2239 36.25 112.09 111.60
29.43 0.105 x 102 176 34.98 424 . 0.009 19.86 1835 14.47 33.40 51.76
24.54 0.171 x 102 182 59.12 2.77 0.007 12.76 1349 13.80 14.77 15.07
21.23 0.236 x 102 186 83.48 1.84 0.006 8.36 961 3.93 3.93 3.90

2The radiative-equilibrium wall temperature 733

aewr used in all surface heating calculations is based on the equilibrium heating.
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Gas-Phase Chemisiry Model

For equilibrium as well as nonequilibrium flow, a 16-species (C,
N, O, Cz, N2,02, CN, CO, NO, C02, C+, O+, O;, CO+, NO+, and
¢”) chemistry model is employed for the shock-layer gas without
surface ablation. For nonequilibrium flow, the species production
terms w; appearing in the energy and species continuity equations’-10
are evaluated for 33 reactions!! of the Martian atmosphere (97%
CO, and 3% N,). These reactions are taken primarily from Ref. 8
and have been supplemented by those provided in Refs. 12 and 13.

The forward reaction rate for the reactions is expressed in the
modified Arrhenius form,!? and the backward rate is obtained from
the forward rate by employing the relation

ki, = K%/ Ko M
where the equilibrium cbnstant Kgq, is curve-fitted!* as
Keqr = exp(Cyy + Cop tnZ + C3,Z + C4, 2> + C5,Z°) (22)
with
Z =10,000/T* (2b)

The values of the various constants are tabulated in Tables 1
and 2 of Ref. 11. The corresponding third-body efficiencies relative
to argon are given in Table 3 of the same reference.

Thermodynamic and Transport Properties

The equilibrium composition is determined by a free-energy min-

imization calculation.!® Thermodynamic properties (specific heat,
enthalpy, and free energy) and transport properties (viscosity and
thermal conductivity) are required for each species considered. Val-
ues of these properties are obtained by using polynomial curve
fits,!-? and the mixture viscosity is obtained by using a semiempir-
ical formula.'s A similar relation’¢ is used to compute the mixture
thermal conductivity. Both the Prandtl and Lewis numbers are em-
ployed, with either a constant or a variable value. Values of 0.62 and
1.0 are used for the calculations with constant Prandtl and Lewis
number, respectively. Since CO and O are the main spcies in the
outer parts of the shock layer and CO, and N, are the main species
near the wall, the variable Lewis number is obtained from the fol-
lowing value of the effective diffusion coefficient for the mixture!:

1 1 Xco, + +
_ . ( CO, T XN, + xco* xo) 3)
D¢o_o

Dj, xco, +xn, +Xco +x0 \ Deo,-y,
Radiative Transport

The radiation-transport code RADICAL” 18 has been used with
equilibrium chemistry to compute the radiative flux grq and its diver-
gence Q. This code allows for the effects of nongray self-absorption
and includes the molecular band, continuum, and atomic line transi-
tions. As mentioned earlier, 16 chemical species (the same species
as used in the nonequilibrium-flow chemistry model) are considered
for computing the radiative transport in the Martian atmosphere in
the absence of ablation. The ultraviolet properties for C3 (for the
case of surface ablation) are taken from Ref. 19.

Boundarly Conditions

The boundary conditions at the shock are calculated by using the
Rankine-Hugoniot relations. The flow behind the shock is assumed
to be in chemical equilibrium or frozen at the freestream composi-
tion for equilibrium and nonequilibrium calculations, respectively. '°
No-slip continuum boundary conditions are employed at the surface.
The wall temperature is either specified or calculated. For the cal-
culated conditions, the surface temperature is assumed to be the
radiative equilibrium wall value obtained from

1
NS 1
. 9T ulLe Z ac; \ pLU
Trewr = [ (K517+ Pr £ 1h' an )w go* @

i=

where NS is the number of species. To make the surface-heating
comparison with different flowfield chemistry, the surface temper-
ature used with nonequilibrium chemistry calculations is the same

as that computed for equilibrium chemistry without radiation. The
same value of the surface temperature is employed with radiation
also.

Species boundary conditions for a nonablating surface are pro-
vided in the next subsection. For an ablating surface, values of the
species concentrations, ablation rates, and surface temperatures have
been computed from the charring material and ablation®>2! (CMA)
thermal response code by using the input surface heat flux obtained
from a flowfield code, GIANTS.??> SLA-561 was the heatshield
material on the Viking Mars Landers built by the Martin Marietta
Corporation.?? For analyzing the case with surface ablation, O is
dropped and five more species (8i, SiO, Cs, H, and H,) are included
for a total of 20 species in the equilibrium chemistry model.

Catalytic Wall Boundary Condition

The rate at which reactions proceed at the surface is influenced by
wall catalysis. The recombination reactions at a catalytic wall can
occur through the following mechanism?*23: 1) diffusive transport
of reactants to the surface, 2) adsorption of reactants on the surface,
3) chemical reactions between reactants adsorbed on the surface,
4) desorption of reactants and products from the surface, and 5)
diffusive transport of reactants and products away from the surface.

For nonequilibrium flow, two extreme cases are analyzed for cat-
alytic walls:

1) Noncatalytic wall INCW): In this case no reactions can occur at

" the surface. Therefore, the mass-fraction gradient for all the species

is zero at the surface, i.e.,

c\
(50).~

2) Equilibrium catalytic wall (ECW): The most practical way
to implement this boundary condition is to assume that the wall-
catalyzed reactions occur at an infinite rate so that the species mass
fractions at the wall are those corresponding to their local equilib-
rium values:

(Ciw = (Crg (62)

where

(Ceg = f(P} T Ciw) (6b)

If the surface temperature T,; is not too high, this condition will
ensure that all gas species recombine completely to the freestream
composition. The main deficiency of this boundary condition is that
it does not allow for any diffusion limitation of reactants. A surface
recombination model is developed next that does so. For equilibrium
flow, Egs. (6a) and (6b) are the appropriate boundary conditions and
are not affected by diffusion limitation of the reactants.

Wali Condition of Fully Recombined CO; (FRCO,) -

A full surface recombination model for CO, (limited by the diffu-
sion of CO and O to the surface) is presented here. For this purpose,
consider the following reactions at the surface, with their associated
recombination and adsorption probabilities:

Y1 = Yo-0-s' O+s5 -> O—s ©)

Y2 = Yo_0,: O0+0—-s5s— 0,45 8)
¥3 = Yco-co,:  CO+O0—s - COy +5 )]
74 = Pco—co_s:  CO+s — CO—s (10)
¥s=Yo-co,: O+CO—s — COy+s (11)

Since the concentrations of C and N near the surface are very small,
the effect of the recombination reactions

N+N-—s—->Ny+s (12)
N+O—s > NO+s (13a)
O+N—s > NO+s (13b)
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C+0—5s—=>CO+s (14a)

O+4+C—s > CO+s (14b)

on surface heating is negligible, and therefore, these are not included .

in the recombination model. In Egs. (7-11), s is a surface site, and y;
is an effective adsorption probability related to the adsorption rate
coefficient k%, ;, by the expression*

- R T
k:ds,,' =Y El# (15)
Similarly, the recombination probability y; of incident species i in
Egs. (7-11) is expressed in terms of the recombination rate coeffi-
cient k}as?
R*. T*
k* = . univ = w 16
P =Y 2y e
Now, for maximum CO, recombination (i.e., y, = 0), the two cases
are:
1) There is abundant CO surface coverage, and the CO, recombi-
nation is limited only by the incident number flux of O. For this case

N < N (17a)

where Né, and Néo are the incident number fluxes of O and CO,
respectively.

2) Incident O provides abundant surface coverage, and the CO,
recombination is then limited by the incident number flux of CO:

N <N} (17b)

Case I: N} < N
Since the net fluxes of CO and O are equal,

NE& = N3 (18a)
or
(s + 7)NE, = N3 = (vs + 7ONG ~ N& (18b)

Now, based on the Eley~Rideal mechanism?*%7-% [where the surface
recombination occurs between the adsorbed and gas phases species
(recombination reactions governed by the Langmuir-Hinshelwood
mechanism?*%’-2 that occur between the adsorbed species are not
considered here)], the following values for the adsorption and re-
combination coefficients in Eq. (18b) are used to obtain the maxi-
mum possible CO, recombination:

71 =wn=0, ys =1

(19)
Ng = N =0
Since Né < Néo, every O that arrives at the surface reacts with
the adsorbed CO (implying ys = 1), and there is no O left for
adsorption, meaning y; = 0. Further, since there is no adsorbed O,
the reaction (9) cannot proceed (33 = 0), and incident CO can only
get adsorbed to the surface [the reaction (10)}. For maximum CO,
recombination, it is desired that the desorption flux of CO (Nggs) be
zero, and, in the absence of any adsorbed O, Nges will also be zero.
Thus, using Eq. (19) in Eq. (18b), one obtains

7aNgo = N} (20a)

and so, upon substitution for the incident number fluxes in terms of
the particle number densities and their average velocities,'¢% the
following value for ;4 is obtained:

3
- COw Méo
= —0— —= - 20b
Va Coon ( My (20b)

Case 2: Néo < Né
In the case with Néo < N{, every incident CO recombines with
adsorbed O (3 = 1), and there is no CO left for adsorption (74 = 0).

Since there is no adsorbed CO, the reaction (11) cannot préceed

" (¥s = 0). Further, to maximize CO, production, it is desired to have

the desorbed flux of O (Ng“) zero. In the absence of any adsorbed
CO, Ng‘f)s will also be zero. Equation (18b) for this case becomes

Néo = 71N (21a)

which, similarly to Egs. (20), gives

3
C M \?
CO,w ( 0 ) (21b)

1= Iy
CO.w Méo

Now, the surface boundary conditions for the various species can be
written as follows:

1) For CO,, the net mass flux is?®

JEm = s g (222)
or
Jew = —[(n+ ) IS — I — [ + ) IS — J5*] (22b)

with

9Cco
Jégzl = _p*D;l 371*2
= — —univ W 22,
o* OV 2 Mg, (22¢)
i R* T*
o] =~Co univ* w
p* 2n Mg

and for N§ < N¢q [or Co.w < Cco,uw(ME/ME)],
h=y=0
- CO,w Méo %
V4= C—co; (_11—/1:*;—) (22d)
Y5 =1
IS =I5 =0

or for N} > Nio [or Co.w > Ceo.w(ME/ME)Y?],

. 3
_ Ceow | M§
=\
CO,w Mco
=1 (22¢)
ya=ys=0
Jéges — Jsdes =0
2) For CO, the net mass flux is
JE = (vs + 7)o — I3 (23a)

where

*nel * Ty* 8Cco
JCOI =—p Dm(——a-n—*>

*)
Jeo _ -C Rai T
= CO+/ A aan

p* 2n Mg,

(23b)

and y3, ¥4, and Jég"'s are given by Eqgs. (22d) and (22e).
3) For O, the net mass flux is :

I = (s + )Tt — I3 (242)
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where

3Co
o = e ( on* )

J(,)‘(‘L —__ CO R:niv TI:
o* 2 M

and 1, s, and J3** are obtained from Eqs. (22d) and (22¢).
4) For the rest of the species (i.e., i # CO,, CO, and O) the
surface boundary condition is obtained from
aC;
P 0
an*

(24b)

@5

Solution Procedure v

The VSL solution method has been modified to analyze the Mar-
tian atmospheric flow past a 70-deg sphere—cone aeroshell with a
shoulder as shown in Fig. 1. The sonic line lies close to the shoulder
for such a wide-angle body. However, the flow becomes supersonic
over the shoulder, which has a rather small radius (Rj = 0.1RY).
With a supersonic outflow boundary at the shoulder and the Vigneron
pressure condition,? the VSL method has been globally iterated to
obtain converged solutions. The numerical procedure used to solve
the nonequilibrium and equilibrium VSL equations is a spatial-
marching, implicit finite difference technique, which includes cou-
pling of the global continuity and normal momentum equations and
use of the Vigneron pressure condition? in the subsonic region
(which covers alarge part of the 70-deg sphere cone shown in Fig. 1).

To resolve the flowfield over the cone shoulder (see Fig. 1), it
becomes necessary to use a much smaller stepsize than in the nose

region. However, even with the small stepsize over the shoulder,

the solution becomes unstable because of the large value of the cur-
vature. This problem has been overcome by employing the shoul-
der radius R} for the reference length in place of the nose radius
Ry, which is conventionally used. With this change, the nondimen-
sional curvature over the shoulder, «g (= R} /R}), and over the
nose, ky (= R,/ Ry), does not exceed one, and all quantities in the
normalized equations’-!? remain of the order of unity. This approach
can be employed to analyze flowfields past bodies with very small
shoulder radius compared to the nose radius. The change in reference
length from Ry, to R} results in an increase of the number of stream-
wise body stations, which can, however, be controlled by using a
larger stepsize in the nose region than in the shoulder region. With
the use of R, the nondimensional form of the governing equations
remains similar to that obtained”!° by employing R, except that the
Reynolds-number parameter ¢ is now based on Ry, in place of Ry.
However, this change in reference length changes the nondimen-
sional form of the stagnation-line series solution which is employed
to march the solution downstream. Therefore, a new series solution
has been developed for the stagnation streamline by following the
approach of Ref. 7. Beyond the stagnation line, the governing equa-
tions are solved as a parabolic set of equations using an implicit
finite difference numerical procedure.” The VSL analysis provides
a direct means of allowing for interactions between the inviscid and
viscous flow regions because of entropy-layer swallowing, radiative
transfer, and mass injection. The details of the method of solution are
similar to those of Refs. 7 and 9 and therefore are not presented here.

Results and Discussion

Results are presented for the entry trajectory of the MESUR probe
into the Martian atmosphere (see Fig. 1 and Table 1). The highest
point analyzed in the trajectory is at an altitude of 74.28 km, where
the Reynolds-number parameter £y has a value of about 0.13 (see
Table 1). For values of £y less than about 0.15, assumptions of con-
tinuum flow and no slip are appropriate,’ and therefore surface and
shock slips are not included in the results obtained here. Calcula-
tions for the results are carried out on the Cray II computer at NASA
Langley Research Center. A 100 x 105 grid is employed with all
the computations. Variable grid sizes are used both normal to and
along the body surface. The minimum distance between grid points
normal to the body is 2 x 10™*R},. In the direction along the sur-
face, the minimum grid size is 1 x 10“R;‘h on the shoulder. The

grid size employed in the nose region along the surface is as large
as 5 times this value to reduce the computational time. These values
of the grid sizes have been established to ensure grid independence
of the solution for the cases analyzed here. The computational time
required (measured in CPU seconds) is about 2000 and 3000 s per
global pass for the calculations of nonequilibrium and equilibrium
flow (without radiation) around the body, respectively. Typically,
two global passes are required for convergence of the shock shape
and surface heating. '

Comparisons with Navier—-Stokes (LAURA) Calculations of the
Peak-Heating Point in the Trajectory

Before presenting resuits from detailed calculations, a compari-
son of the present VSL results is made with those obtained from the
LAURA code.*® Figure 2 compares the subsonic zones predicted
by the two methods for the nonequilibrium flow. Since LAURA is a
shock-capturing technique and the present VSL method employs a
shock-fitting approach, Fig. 2 also shows the computational domain
for LAURA and the shock location for VSL. The subsonic zones
from the two calculations are predicted to be almost the same and
extend right up to the shoulder, where the flow becomes supersonic.
Figure 2, therefore, shows that the present VSL formulation (with
cone-shoulder radius as the length scale) is capable of solving flows
past wide-angle bodies with large subsonic regions.

Surface pressures and heat-transfer rates predicted by the VSL
and LAURA methods are compared in Figs. 3a and 3b, respectively.
The VSL predictions are for the nonequilibrium (with fully recom-
bined CO, at the surface) and equilibrium flow conditions, whereas
the LAURA predictions are for the nonequilibrium flow only. Pres-
sures obtained by the two methods compare quite well, except for
the shoulder, where the pressure has a sharper decrease for the VSL
than for the LAURA calculations. Earlier studies*> with LAURA
also showed a sharper decrease in pressure over the shoulder (simi-
lar to the present and earlier’! VSL predictions). As compared to the
pressure, there is a bigger difference in the surface heat transfer rates
predicted by the two methods. The nonequilibrium VSL stagnation
heating rate (with fully recombined CO,) is about 11% greater than
the corresponding LAURA value. The equilibrium VSL heating rate
is similar to the nonequilibrium VSL prediction with a difference
of about 4.5% at the stagnation point. A value of the surface heat
transfer rate is also computed from the cold-wall equilibrium cor-
relation because of Sutton and Graves,?? which for 97% CO, and

3% N, is
q; = 18.9U2/pz | R} (26)

where g} is in W/cm? and UZ is in km/s. This correlation (based
on boundary-layer calculations) gives a stagnation-point value of
119.54 W/cm?, which is within about 1% of the equilibrium VSL
value.

The difference in surface heating values predicted by the VSL
and LAURA methods is primarily because of the differences in the

Shock location

1.75 for VSL
Computational Domain
150 |- for LAURA
1.25 LAURA
1.00 |-
r,m
T ors | Alt = 37 km
UL = 6.5 km/sec
0.50 - Tw = Teawt
R,’; =0.6625 m
0.25 - R3h= 0.06625 m
0.00 A [ | |
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

X*, m .

Fig. 2 Comparison of subsonic zone predictions by VSL and LAU
calculations.
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Fig. 3 Comparison of surface quantities predicted by VSL and
LAURA calculations.

diffusion coefficients employed in the two calculations. The effec-
tive D} from Eq. (3) gives a value similar to that for the CO,—N,
pair at surface for a fully recombined CO; case. The diffusion mass
fluxes using D}, from Eq. (3) sum to zero, as required by the con-
servation of fluxes. LAURA employs a more general method for
obtaining the diffusion coefficients [see Eq. (29) in the next sub-
section]. However, the diffusion mass fluxes using these values of
the diffusion coefficients do not necessarily sum to zero in LAURA
calculations. Therefore, even with similar mass-fraction profiles ob-
tained from the VSL and LAURA calculations, a slight elemental
separation is seen [see Fig. 5b of Ref. 11] in LAURA predictions.
This elemental separation results in different values of the diffu-
sion coefficient, which in turn give different surface heating rates.3®
Other factors such as grid singularity and grid resolution, which
affect LAURA heating predictions, are discussed in Ref. 31.

Sensitivity Studies Affecting Surface Heating

Since the accuracy of numerical calculations can only be eval-
vated through an evaluation of the physicochemical models em-
ployed, it is desirable to evaluate the sensitivity of surface heating
(and other flowfield quantities) to variations in values of the pa-
rameters employed in these models. Without such an evaluation,
an assessment of the accuracy of surface heating obtained from a
numerical calculation is meaningless. For this purpose, the peak-
heating point in the trajectory (altitude 40.70 km) is chosen, and a
parametric study is performed to evaluate the effect of variations
in the surface catalysis model, gas-phase reaction rate coefficient,
surface temperature, and transport properties.

Effect of Variation in Surface Catalysis Model

Figure 4a shows the effect of different surface recombination (or
catalysis) models on surface heating. As mentioned in the boundary-
conditions section, the three recombination boundary conditions
employed with the nonequilibrium predictions are NCW, ECW, and
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Fig. 4 Effect of variation in surface recombination model.

fully recombined CO,(FRCO,). Also shown for comparison is the
prediction obtained from a fully equilibrium calculation. The ra-
diative equilibrium wall temperature (I3gyr) employed with the
calculations is that obtained from a fully equilibrium calculation
and is given in Fig. 4b. The surface distribution of CO,, shown
in Fig. 4c, indicates a smaller recombined value for CO, (except
at the stagnation point) than for the ECW calculations, because of
the diffusion limitation of CO and O reaching the surface. At the
stagnation point, the FRCO, value is higher than the ECW value be-
cause of the full CO, recombination employed there, even though
the surface temperature may be high enough to dissociate CO, (as
suggested by the ECW calculation). It is suggested that the presently
obtained FRCO, boundary condition may be more appropriate than
the ECW boundary condition for the nonequilibrium calculations
when the diffusion limitation of the reactants exists and the surface
temperatures allow for CO; to stay fully recombined. The surface
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Fig. 5 Effect of uncertainty in dissociation rate of CO, on stagnation-
point heating.
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Fig. 6 Effect of ucertainty in surface temperature on stagnation-point
heating,

heating distributions of Fig. 4a are consistent with the CO, sur-
face distributions. Higher values of the recombined CO, result in
larger surface heating. The nonequilibrium NCW value at the stag-
nation point is about one-third of the FRCO, value. The small dif-
ference between the nonequilibrium ECW and the fully equilibrium
surface-heating calculation is because of the differences in the flow-
field chemistry.

Effect of Uncertainty in Gas-Phase Reaction Rate

Since the dissociation of CO, is the primary reaction in the shock
layer, an evaluation of the effect of uncertainty in the dissocia-
tion rate on surface heating is made by multiplying the dissociation
and recombination rates by factors of 10 in the range of 10-2-103.
Figure 5 shows the stagnation-point heating for FRCO, and NCW
surface boundary conditions. With a larger value of the reaction-rate
multiplier, the flowfield chemistry tends towards equilibrium, and
in that limit the difference between the FRCO, and NCW values
should disappear. Also shown for comparison is a result from fully
equilibrium calculation. Clearly, the heating predictions obtained
with the NCW boundary condition are more sensitive to larger val-
ues of the reaction rates than in the FRCO, calculations.

Effect of Uncertainty in Surface Temperature

Because of uncertainties in the surface emissivity, the surface
heating rate, the radiative cooling from the surface, and its heat-sink
capability, it is difficult to specify the radiative-equilibrium wall
temperature exactly. Figure 6 shows the effect of this uncertainty on
stagnation-point heating. The dependence of nonequilibrium NCW
and FRCO; calculations on the surface temperature appears to be
similar. Predictions from ECW and fully equilibrium calculations
seem to be more influenced by a temperature increase, especially at
higher surface temperatures.
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Fig. 7 Effect of variable Lewis and Prandtl numbers on surface heat-
ing distribution.

Effect of Variation in Lewis- and Prandtl-Number Values (Sensitivity to
Transport Properties)
The mass flux of species i is obtained from Fick’s law of diffusion:

aC; Le _0C;
J.* — —p* * 71 e ¥ 1
Pr“ on*

@7

H m 3”*

where the Lewis and Prandtl numbers are defined, respectively,
as

*D* C* C* *
Le=2"nes = £ Pr= —“I}é ” 28)

and the effective diffusion coefficient for the mixture, D}, is given
by Eq. (3). Similar to Eq. (3), an effective diffusion coefficient is
also obtained from LAURA calculations:

(29a)

where Dy, is defined as'®

1_—3(1,'
NS
Zj=1,j¢ixj/D?_j

and D}_; is the binary diffusion coefficient for species pair i—j.

Since CO and O are the dominant species through much of the
shock layer and CO, and N; are the dominant species at the shock (in
the VSL shock-fitting formulation for nonequilibrium flow) and near
the surface, the physics contained in Eq. (3) gives D}, comparable to
that obtained from a more detailed calculation using Eq. (29). The
Lewis-number value based on D}, changes appropriately!! from that
based on D¢, _y, at the surface to that based on Dg_ through
the shock layer and again to that based on D::oz—N at the shock.
The surface value of the Lewis number based on D}, and D¢ N,
is about 1.0, and the Prandti number is about 0.62. A comparison
of the surface heat transfer using these constant values for Le and
Pr numbers as well as their variable values [with D, obtained from
Eq. (3)] is given in Fig. 7; no appreciable difference is observed in
the two results. Thus, these constant values of Pr and Le may be
used to obtain surface heating with a fair degree of accuracy.

D;, = (29b)

Calculations Along the Trajectory

Figures 8 and 9 show results from the stagnation-point calcu-
lation carried out along the trajectory for the various altitude lo-
cations. Some of these results are also provided in Table 1. The
nonequilibrium FRCO, convective results (Fig. 8) are similar to
those obtained from a fully equilibrium calculation, except for the
altitude of 29.43 km. There is a smaller amount of CO, recombi-
nation from the FRCO, calculation at this altitude than from the
equilibrium result (see Fig. 4c). This is the result of diffusion limi-
tation on CO and O reaching the surface to form CO; as mentioned
earlier. The lowest heating is obtained for NCW, where the CO,
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Fig. 8 Stagnation-point convective heating along the trajectory.
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Fig. 9 Stagnation-point radiative heating ratio along the trjectory.

recombination is smallest, as expected. Also shown for compar-
ison is a calculation from the cold-wall equilibrium correlation
of Ref. 30 at the peak-heating altitude of 40.70 km. This result
compares well with the equilibrium calculations. Flow in the shock
layer approaches equilibrium at lower altitudes, and the effect of
the surface boundary condition disappears from the surface heating.
The radiative-equilibrium wall temperature obtained from the fully
equilibrium calculations is employed with the calculations of Figs. 8
and 9. Figure 9 gives an estimate of equilibrium radiative heating! as
a fraction of the total (convective + radiative) heating. A maximum
value of 4.5% of the total heating is observed for the equilibrium
radiative component at the peak-heating altitude of 40.70 km. Thus,
it is negligible for most of the trajectory. No calculations were done
for nonequilibrium radiative heating.

Calculation with Ablation at the Peak-Heating
Altitude (40.70 km)

Some results have been obtained from the equilibrium chemistry
calculations with and without ablation at the peak-heating altitude
of 40.70 km. As mentioned earlier, the boundary conditions for an
ablating surface [namely, T35 , m*, and (C;-) (species concentra-
tions of ablation species)] have been obtained at the NASA Ames
Research Center from the one-dimensional CMA transient thermal
response code??! by employing the input surface heat flux obtained
from a flowfield code, GIANTS.?? The ablation boundary conditions
are shown in Fig. 10. It should be mentioned here that the elemen-
tal composition obtained from the CMA-predicted species mass
fractions is used to obtain the equilibrium mass fractions, (C;)_,
of ablation species.!! The surface species mass fractions (C;),, are
related to ablation species mass fractions (C;)_ by

(_Jf)w =m[(C)w — (Ci)-] (30a)
where m;}, is the mass-injection rate of ablation species:

= (p™v")- (30b)

2500 - 0.04
2000
-1 0.03
1500
* 1 I'h* ’
Tw,K —0.02'«‘:‘“1_‘,_,s

1000

Alt = 40.696 km AY

U2, = 6.592 km/sec - 0.01

500 Ri=0.6625m
Rgnh=0.06625 m
Il 1 1 J 1

0 0.00
0.00 0.25 0.50 0.75 1.00 1.25 1.50
s, m

Fig. 10 Surface boundary conditions employed with ablation.
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Fig. 11 Surface heating distribution with and without ablation.

For ablation injection, the elemental concentrations at the wall are
governed by convection and diffusion [similarly to Eq. (30a)] and
are obtained from

aék my [ Pr - .
(_a;)w - 72‘3(2»_5)'” (Cw —(C)-1=0 (31)

and the heat transferred to the wall by conduction, diffusion, and
ablation is

oT  Le S . G
on MPri=1 "on

—quw = gszh K

w

NS
— iy, Z[(Cihi)w — (Cihi)-] (32)

i=1

The surface heating without ablation (Fig. 11) is obtained by
using Ty givenin Fig. 10. There is a reduction of about 9% in the
stagnation heating because of ablation. The reduction is much larger
(as much as 44%) on the conical flank. It should be mentioned here
that the ablation rate m* is small, which implies that both the shock-
layer and ablation species are present at the surface. Because of the
small ablation injection rate, shock-layer penetration by the ablation
species is also small!! (limited to # < 0.20). Further, elemental
separation because of ablation is not found in the absence of ablation,
as seen from the constant values of the elemental mass fractions of
C, N, and O through the shock layer.!!

Conclusions

An aerothermodynamic study of the Mars Pathfinder aeroshell
has been carried out through a VSL analysis with and without sur-
face ablation. Results presented here are among the earliest VSL
calculations for a wide-angle body with a shoulder.

The aeroshell consists of a 70-deg sphere cone with a shoulder
radius one-tenth that of the nose. For proper resolution of the flow-
field at the shoulder, the VSL equations are scaled with the shoulder
radius in place of the conventionally employed nose radius. These
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equations are globally iterated with the Vigneron pressure condition
to treat the large embedded subsonic region between the stagnation
line and the supersonic outflow at top of the shoulder. Good agree-
ment on the extent of the subsonic region and the surface pressure is
obtained with the Navier—Stokes calculations of the LAURA code.

The nonequilibrium VSL calculations (without ablation) employ
a 16-species reaction model for the Martian atmosphere. Also, a
physically consistent model is implemented for the surface recom-
bination of CO,. This recombination model allows for the diffusion
limitation of CO and O in reaching the surface. Computed surface
heating results with this model are consistent with those obtained
from an ECW boundary condition when diffusion limitation of the
reactants is not important. For both the ECW boundary condition
(used with the nonequilibrium calculations) and the fully equilib-
rium computations, the same 16 species are used with a free-energy
minimization procedure.

A parametric study of various factors affecting the surface heating
was carried out at the peak heating altitude of the Martian trajectory
analyzed. The surface catalysis model plays the most important role
in heating prediction, as expected. A heating reduction of almost
two-thirds is obtained for a NCW as compared to a surface with full
CO, recombination. Uncertainties in gas-phase reaction rates and
surface temperature affect surface heating much less. Values of 1.0
and 0.62 for the Lewis and Prandtl numbers, respectively, result in
surface heating predictions almost the same as those obtained with
their variable values.

The maximum stagnation heating of about 127 W/cm? is ob-
tained with nonequilibrium calculations for the fully recombined
€O, case at the peak heating point in Martian trajectory. Equilib-
rium calculations give almost the same value. A compatison be-
tween the nonequilibrium calculations with the NCW and equilib-
rium stagnation-point predictions along the trajectory shows the
flow to be essentially in equilibrium for altitudes less than about
25 km. An estimate of the radiative heating (obtained from the equi-
librium calculations) shows it to be negligible (<4.5% of the total
heating) for the entire trajectory.

Calculations have also been carried out to evaluate the reduc-
tion in heating because of ablation. A decrease of about 9% in the
stagnation-point heating (with equilibrium chemistry) is obtained at
the peak-heating point in the trajectory.
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