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A Monte Carlo sensitivity and uncertainty analysis is performed for a laminar convective heating prediction
in a moderate Mars atmospheric entry condition using a nonequilibrium reacting Navier-Stokes computational
fluid dynamics code. The objectives are to isolate the rate limiting mechanisms and identify the chief sources of
aeroheating uncertainty. A flux-based wall catalysis formulation is developed and used to define four different
catalytic regimes that are then individually analyzed at three different trajectory points. A total of 130 input
parameters are statistically varied to short list a handful of parameters that essentially control the heat flux
prediction. The uncertainties in these key input parameters are estimated, and a full Monte Carlo uncertainty
analysis is performed. The results obtained provide the quantitative contribution of uncertainties in key modeling
parameters, such as collision integrals, wall catalysis, and reaction rates to the final heat flux uncertainty. It is
found that in high and low catalytic regimes, the collision integrals (which govern the transport properties of the
mixture) contribute a large portion of the uncertainty, whereas in the moderately catalytic regime the catalytic
properties of the surface contribute almost all of the uncertainty.

Nomenclature

rate constant

dissociation energy, K
energy, eV

enthalpy, J/kg

Arrhenius rate

molecular weight, kg/kmol
number density, cm 3
preference factor, Eq. (6)

heat transfer, W/cm?

gas constant

temperature, K

time, s

thermal speed, m/s

velocity, km/s

particle flux, 1/s

reaction probability

thermal conductivity
diffusion velocity, m/s

= gas density, kg/m’

diffusion collision integral, A2
viscosity collision integral, A2
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Subscripts

a = average

cat = catalytic

max = maximum

s = species

v = vibrational

w = wall

Superscripts

n = preexponential factor
+ = incoming

I.

ASA’S Mars Technology Program is actively pursuing de-

velopment and selection of technologies for several proposed
Mars exploration missions scheduled to launch during the next sev-
eral years. NASA’s new vision for space exploration also calls for
robotic exploration of Mars to lay the groundwork for possible hu-
man expeditions. In addition, the NASA In-Space Propulsion Pro-
gram is considering aerocapture missions to Mars (among several
possible destinations) as a means to reduce the onboard propellant
requirement (and resulting system mass) for orbital insertion of an
arriving vehicle.! An aerocapture vehicle is subjected to aerothermal
heating as it dissipates the vehicle kinetic energy at the destination
planet using atmospheric drag. The performance of this technology
is determined by the propellant mass savings as compared to the
mass of the aeroshell, which consists of the thermal protection sys-
tem (TPS) and the underlying substructure. For both aerocapture
and direct entry, the selection of an appropriate TPS material, as
well as the required thickness (mass) of the TPS for each mission,
are determined by the aerothermal environment encountered by the
vehicle during the entry. Clearly, aeroheating predictions and their
associated uncertainties for Mars entries will be necessary for design
and development of TPSs for a variety of missions.

Many investigators have performed aerothermal analysis of Mars
entry environments using state-of-the-art computational fluid dy-
namics (CFD) codes.>™* Although CFD simulations provide aero-
heating predictions with a greater level of fidelity than simple
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engineering correlations, the confidence level associated with these
predictions remains largely unknown, especially in the regimes
where validation with ground-test or flight data has not been possi-
ble. It is well known that aeroheating predictions made from these
CFD analyses are sensitive to the physical, chemical, and numeri-
cal models employed. The uncertainty in these predictions, which
is a critical element of the overall entry system risk, is the result
of a combined effect of parametric and structural uncertainties in
the underlying models. Parametric uncertainties are due to impre-
cise measurements or estimates of input parameters, such as reac-
tion rates, thermal relaxation times, transport properties, and wall
catalycity. Structural uncertainties, on the other hand, are caused
by deficiencies in the formulation of the physical and numerical
models intended to represent the true environment. Although prior
aerothermal investigations recognize these uncertainties, there have
been few rigorous attempts to quantify them and assess their effect
on the final aeroheating uncertainty. For the purposes of design and
system risk assessment, the uncertainty limits associated with an
aeroheating prediction are almost as important as the aeroheating
value itself, especially when the limits are large. Without a formal
uncertainty analysis, the subsystem risk estimate remains crude,
which may result in misplaced priorities in the overall system risk
reduction strategy.

In this work, we carry out a systematic Monte Carlo uncertainty
and sensitivity analysis for Mars entry aerothermodynamics at mod-
erate entry conditions. A similar uncertainty analysis was performed
recently for a Titan entry vehicle to ascertain the uncertainty associ-
ated with radiative heating at the stagnation point.> The current work
will focus on nonablating, laminar convective heating rates on the
forebody of arigid aeroshell. Apart from quantifying the uncertainty
in the aeroheating predictions, this technique will allow us to iso-
late the chief sources of uncertainty in the models. These uncertainty
drivers can then be prioritized and targeted for further ground-based
investigation or proposed flight instrumentation to maximize return
from research. A sensitivity analysis, which is a byproduct of the
uncertainty analysis, will also provide valuable insights by identi-
fying the rate-limiting steps and dominant mechanisms, including
any nonlinearities or interference effects that would not be seen in
a linear analysis. The results of this sensitivity analysis can also be
used to identify potential structural uncertainties in the current aero-
heating models; if the models employed are correct the sensitivities
predicted should be reproducible via targeted experiments.

Among the physical phenomena that play a critical role in the lam-
inar heating rates in the absence of shock-layer radiation and TPS
ablation are wall catalysis, boundary-layer transport, and chemical
kinetics. Each of these phenomena will be explored in this work.
Numerical uncertainties due to grid resolution, choice of flux dis-
cretization, etc., are not included. The rest of this paper describes
the baseline model and the entry conditions used, followed by a
sensitivity analysis to identify a key set of input parameters. This
is followed by an estimate of uncertainties that exist in these key
parameters at three points along the entry trajectory of the Mars
Pathfinder entry vehicle. Finally, we perform a Monte Carlo uncer-
tainty analysis to track the impact of these uncertainties on forebody
heat flux.

II. Baseline Conditions and Model

A. Mars Pathfinder Entry Conditions

The primary focus of the analysis in this work will be the Mars
Pathfinder entry vehicle, which entered the atmosphere of Mars on
4 July 1997 at a relative velocity of 7.5 km/s (Ref. 6). The forebody
of the Pathfinder entry vehicle was a 70.2-deg axisymmetric sphere—
cone with a rounded shoulder as shown in Fig. 1. Mars Pathfinder
is a good test case because it was a ballistic (nonlifting) entry at a
velocity for which convective heating was large but radiative heating
was small. The analysis in this paper will be performed at three
points on the entry trajectory,* summarized in Table 1. However,
much of the analysis will concentrate on the peak heating point,
for which preflight calculations,* assuming a fully catalytic surface,
predicted a peak convective heat flux of approximately 110 W/cm?.
A postflight analysis of temperature sensor data concluded that at

Table 1 Trajectory points selected for analysis

t,s 0, kg/m3 V, km/s T,K q, W/cm?
45 2.1x1075 7.47 112 40
66* 2.8x107* 6.60 169 115
76 6.7x 1074 5.33 170 75
“Peak heating.
Nlo.oes |
:f
70.20\
?\066 w  Fig. 1 Mars Pathfinder
:> \ o aeroshell.

the stagnation point the temperature data are consistent with a peak
heat flux during entry of about 85% of the predicted fully catalytic
laminar heating.*

B. Numerical and Physical Models

The flowfield computations in this work are performed using the
CFD code DPLR.” DPLR is a parallel multiblock finite volume code
that solves the Navier-Stokes equations including finite rate chem-
istry and the effects of thermal nonequilibrium. DPLR, along with
LAURA,? are the primary tools currently used within NASA for
aerothermal analysis of Earth and planetary entry vehicles. In ad-
dition to the conservation equations for mass and momentum, two
energy equations are solved: a total energy equation and a combined
vibroelectronic energy equation. In this formulation, it is assumed
that the vibrational and electronic modes of the gas are in equilib-
rium with each other, but not with the translational-rotational com-
ponent. The energy exchange between the translational-rotational
and vibrational—electronic modes is modeled using a Landau—Teller
formulation assuming simple harmonic oscillators. Vibrational re-
laxation times are obtained from Millikan and White® for most
species. Data by Camac'® are used for the vibrational relaxation
times of CO, and CO. Characteristic vibrational temperatures and
degeneracies for the simple harmonic oscillator approximation are
taken from Gurvich et al.!!

Viscosity and thermal conductivity are modeled using the species
expressions and mixing rules presented by Gupta et al.,'> which
have been shown to be reasonable approximations of the more ac-
curate Chapman—Enskog relations (see Refs. 13 and 14). The self-
consistent effective binary diffusion method" is used to compute
the species diffusion coefficients. This method allows for the vari-
ations in species diffusion coefficients to be accurately modeled
without sacrificing the requirement that the diffusion velocities sum
identically to zero. Required collision integrals are taken from the
recent reviews by Wright et al.'®!7 for all binary interactions in the
mixture.

C. Chemical Kinetics Model

The Martian atmosphere consists of approximately 97% CO, and
3% N, by volume, with trace amounts of other species (primarily
Ar). A review of the nonequilibrium kinetics of a shock heated mix-
ture of CO,—N, was first presented by Park et al.'® for an 18-species
mixture (CO,, NCO, CO, CO*, CN, NO, NO™, N, 0,, 0f, C,, N,
N*, C, C*, 0, 0", and e) with ionization. Mitcheltree and Gnoffo®
subsequently presented a reduced eight-species (CO,, CO, NO, N,,
0,, N, C, and O) mechanism that neglected ionization. The reac-
tions included in these mechanisms are listed in Table 2. The rates of
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Table 2 Reaction mechanisms for Mars entry shock layer

Reaction Park,18 Mitcheltree and
number Chemical reactions 18 species  Gnoffo, 8 species
1 CO,+M & CO+0+M X X
2 CO+M & C+0+M X X
3 N> +M & 2N+ M X X
4 0,+M & 20+ M X X
5 NO+M & N+O+M X X
6 C+M & 2C+M X R
7 CN+M & C+N+M X —_—
8 NCO+M < CO+N+M X —_—
9 C+H+e & CH42e X —
10 O+e & Ot +2¢ X —
11 NO+0O < 0 +N X X
12 N, +0 & NO+N X X
13 CO+0 & 0 +C X X
14 CO+C & C+0 X —_—
15 CO+N & CN+O X —_—
16 CO+N & NO+C —_— X
17 No+C & CN+N X —_
18 CN+0 & NO+C X —_—
19 CN+C & G +N X —_—
20 CO; +0 & 0, +CO X X
21 CN+0; & NCO+0O X —_—
22 CN + CO; & NCO + CO X _
23 CN + NO & NCO + N X —_
24 CO+NO & NCO+O X —_—
25 CO+NO & CO; +N —_— X
26 CO+CO & CO, +C e X
27 CN+CO & NCO+C X _
28 N+0O & NOT +e x —
29 04+0 & O, +e x —
30 C+0 & COt +e X o
31 NOt +C & NO+C* X —
32 0t +0 & 0t +0, X o
33 NOT +N & O + N, X —_—
34 NO* +0 ¢ Of +N x —_
35 CO+Ct & COT +C x —_
36 0,+C" & 0] +C x —_—
120 . .
Fully Catalytic CO+O

A100 k\/ y yt
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Fig. 2 Laminar convective heat flux on forebody at baseline condi-
tions; effect of different chemical kinetics models in heat flux is shown
for both noncatalytic and fully catalytic wall.

the common reactions are taken from Park et al.'® At the conditions
of interest in the present paper the level of ionization in the flow-
field is extremely small. Therefore, it is expected that the heat flux
computed using the Mitcheltree and Gnoffo eight-species model
should be an accurate representation of the flowfield. To test the
validity of this assumption, a calculation was performed using each
model at the trajectory point discussed earlier for fully catalytic and
noncatalytic conditions. Figure 2 shows that the convective heating
rates predicted by the two kinetic models are nearly identical, with
a maximum difference of 1.8% at the stagnation point for the fully
catalytic condition. Based on this result, the eight-species model is
used for all cases presented in this paper.

Note that the rates of many of these reactions have not been
directly measured at conditions relevant to Martian entry. Some

are estimated from indirect observations, whereas others are pure
estimates,'® which make them potentially significant sources of un-
certainty. The uncertainties in the relevant reaction rates will be
discussed in a later section.

D. Catalysis Model
In the absence of shock-layer radiation, the total incident heat
flux to the surface is given by

quw = <KVT +R VT, + Y pxh.vvx> )

ns w

where the first two terms are the total and vibrational energy conduc-
tion and the third term is a result of the recombination of atoms and
radicals due to the catalytic activity of the wall. It is well known that
the catalytic component of Eq. (1) is a primary source of convective
heating for many reentry applications. However, the mechanism in-
volved in the catalytic recombination is poorly understood, in part
due to difficulties in performing surface diagnostics at appropriate
temperature and pressure. In addition, the surface condition of the
TPS material due to past history and exposure to other adsorbing
species also alters the catalytic properties, making it further diffi-
cult to quantify and address flight traceability issues. Consequently,
modeling of catalytic reactions at the surface has been relatively
primitive. In fact, for Mars entries, the so-called supercatalytic wall
model is frequently employed,' in which the gas composition at the
surface is specified to be equal to that in the freestream. This model,
although it provides a conservative estimate of the heating rate, only
accounts for limiting of the recombination processes by diffusion
transport of participating species through the boundary layer to the
surface. For Mars entries, this boundary condition is especially sus-
pect because it requires the formation of CO, via surface reactions at
conditions for which no such reaction mechanism is known to exist.
The catalytic models are incorporated in the CFD via boundary con-
ditions that are applied to the species mass conservation equations.

In general, surface catalytic reaction models solve a surface
site balance equation coupled with gas-phase densities. However,
these models assume a heterogeneous reaction model, such as the
Langmuir-Hinshelwood (LH) or Eley—Rideal (ER) mechanisms. In
the LH model, the participating recombining species are first ad-
sorbed on the surface before recombining and desorbing into the
gas phase, whereas in the ER mechanism a gas-phase species re-
combines directly with an adsorbed species. Several simulations of
Mars entry aerothermodynamics have assumed an ER mechanism
to describe wall catalysis because of its simplicity. For example,
in the Mitcheltree and Gnoffo wall catalysis model> CO 4 O re-
combination is assumed to occur on the surface via a two-step ER
process.

However, the literature indicates that the LH mechanism is more
commonly observed than the ER mechanism (see Ref. 20). In fact,
direct experimental evidence of the ER mechanism under any con-
dition is lacking. For the well-studied catalytic reaction of CO ox-
idation on transition metal surfaces, especially the platinum group
metals, the LH mechanism is observed to occur. The LH mecha-
nism is also found to govern other catalytic reactions such as CO
hydrogenation on metallic surfaces.?’ Therefore, the use of the ER
mechanism to describe surface catalysis adds uncertainty that is dif-
ficult to assess, especially because experiments measuring catalytic
properties of ablative materials in a dissociated Mars environment
have never been performed under reentry conditions.

For this work we use a simplified flux-based surface species re-
combination model that does not rely on a specific heterogeneous
reaction model such as the LH or ER mechanism. We know that,
for Mars entry, at the conditions of interest, the freestream CO, is
almost completely dissociated into CO and O, whereas most of the
CO formed remains undissociated. Therefore, the composition at
the boundary-layer edge consists primarily of CO and O, with the
possibility of additional species appearing via recombination. At
the conditions of interest in this paper, the trace amounts of N, in
the atmosphere remain essentially undissociated. Among the sev-
eral recombination reactions possible at the wall, the following two
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involving the dominant species have been proposed®*?! as the re-
actions that are likely to control the catalytic heating of the vehicle:

Reaction 1: CO+0 5 CO,, AE =5.51¢eV.
Reaction 2: 0+ 03 0,, AE=5.16¢V.

Other recombination reactions are also possible, but due to their
low reactant densities in the boundary layer the resulting effect on
catalytic heating will be small. The parameters y; and y, are the
reaction probabilities for reactions 1 and 2. However, these param-
eters do not vary independently because both reactions consume
O atoms. From kinetic theory, the incoming flux at the wall for a
given species s with number density n, is written as

l"j = nyuy 2

where u; is one-quarter of the thermal speed of the species
[uy=(R,T /2w M)'/?]. If yo is assumed to be the fraction of
O atoms that are lost via either reaction 1 or 2 after they strike
the surface, the net O atom flux at the wall is written as

FO = YoNolUo (3)

Let us first consider the case when reaction 1 is CO flux limited,
that is, ncoutco < notto. For this case, the O atom flux at the wall is
the sum of the contributions of reactions 1 and 2,

Co = yincouco + vanouo “4)
From Egs. (3) and (4), we can write yo as

n u
Yo=rn—=2 4y, (5)
nolo

We now define a preference factor for O + O recombination as

P2 = ¥v2/vo (6)

The preference factor represents the ratio of the flux of O atoms
consumed by O+ O recombination to the total flux of O atoms
consumed by either process. For a given value of p,, the maximum
consumption of O atoms is limited by the CO density, and is given by

1
Youmax = min | —— ( 2242 ) (7)
1—ps nolo

We further define a catalytic parameter y,,, as the ratio of actual to
the maximum possible O atom consumption. Therefore,

Veat = VO/VO,max (8)

Next, we consider the case when reaction 2 is O flux limited, that is,
nollo < Ncollco- We note that in this case Yo max 1 always one. The
sum of the contributions of both reactions to O atom flux is written as

To = yinouo + yanotuo, Yo=Vi+7 )

In each case the value of y, can vary between zero (corresponding
to a noncatalytic wall from which all O atoms are reflected) and one
(corresponding to a fully catalytic wall at which maximum possible
O atoms recombine via reactions 1 and 2). It is also evident that
because there are two competing reactions consuming O atoms, the
catalytic heating will depend on the relative preference of one chan-
nel over the other due to their different stoichiometric requirements.
The difference in the heats of formation between reactions 1 and 2
is only about 6%, but a strong preference for O, recombination will
result in lower heating because CO will remain at the wall. We also
note that the preference factor p,, which determines the fraction of
recombining O atoms that result in O, formation (reaction 2), also
varies between zero and one. When the parameters y., and p, are
varied independently between zero and one, the entire window of
catalycity can, therefore, be spanned. For example, setting y., =0
results in a noncatalytic surface regardless of the value of p,. The
fully catalytic limit of the Mitcheltree and Gnoffo model can be

reproduced by setting y.y =1 and p, =0. In contrast, y; and y,
cannot be varied independently between well-defined limits. There-
fore, throughout this paper we will use y., and p, as the preferred set
of input variables. The transformations, regardless of which species
is limiting, can be written as

nolo
Y1 = Veat VO.max(l - Pz) max [ ———, 1
ncollco
Y2 = VYeat YO,max P2 (10)

The form of fluxes can also be written, in terms of these two param-
eters, as

Fco= (- p2)To
Io, = %Pzro (11

1-‘O = Yeat YO,max"?0U0,
I'co, =T'co,

The preceding equation set can be used to model wall catalycity
without being limited by the assumption of a particular site bal-
ance reaction model. The drawback of this approach is that y., and
p> remain as unknown parameters with unknown dependencies on
factors like temperature, densities, surface condition, etc. Such de-
pendencies can somewhat be described by an appropriate surface
site balance model, however, the validity of such models, especially
the commonly used ER model, is unknown. Therefore, in this work
we will deal with y., and p, that have clear physical interpreta-
tions and that can be varied independently between well-defined
limits. Note that the limiting case of the supercatalytic wall cannot
be modeled directly via this parameterization because the supercat-
alytic wall model does not account for rate limiting nor elemental
separation in the boundary layer due to unequal species diffusion co-
efficients. However, the maximum heat flux predicted by the current
model will approach the supercatalytic limit as long as the surface
reactions are diffusion (rather than rate) limited.

E. Heat Flux Variation due to Wall Catalytic Parameters

We now present the variation of peak stagnation point heat flux
with the catalytic parameters y,,; and p, defined in the last section.
Figure 3a shows the variation of the stagnation point heat flux with

Ty
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Fig. 3 Impact of catalytic modeling parameters: a) effect of varying
catalytic efficiency and preference factor on stagnation heating, and
b) effect of varying preference factor ~c,¢ =1 on heat flux and wall num-
ber densities of gas phase CO and O.
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catalytic efficiency, y., at two extremes of p,. The curves in Fig. 3a
show a distinct S pattern that defines three distinct regimes of heat
flux sensitivity to catalycity. The first is the high catalytic efficiency
region (Yo > 0.1), where the heat flux weakly varies with the value
of y., because the recombination rate is limited by the transport
(diffusion) of reactants (CO and O) through the boundary layer to
the wall. An important consequence of the diffusion-limiting phe-
nomenon is that for heat shield design, it is not critical to know
that exact value of catalytic efficiency y., as long as it is confirmed
that the catalytic efficiency is high. Note, however, that even in
the diffusion-limited regime a precise determination of the prefer-
ence factor p, may still be necessary, as seen by the large difference
between the p, =0 and 1 heat flux levels in Fig. 3a. This will be
further discussed later in this section. The second region in Fig. 3a
is the moderate catalytic efficiency regime (1073 < y. < 1071). In
this regime, the heat flux is highly sensitive to the exact value of
Yea because the recombination rate is surface process rate limited.
In this regime, a precise determinations of y., and p, are essential
for heat flux computation. The third region in Fig. 3a is the weakly
catalytic regime (., < 1073), where, again, the exact value of
is unimportant to heating because wall catalycity contributes little
to the heating as compared to thermal conduction from the hot gas.
These three catalytic regimes will be frequently referred to through-
out this paper because the sensitivity and uncertainty analyses are
performed separately for each of these regimes.

Figure 3b shows the variation of the stagnation point heat flux g,
vs the preference factor p,, assuming a fully catalytic wall (Y, = 1).
The parameter p, represents the importance of O + O — O, chan-
nel as compared to CO + O — CO, reaction channel. Note that al-
though CO oxidation by adsorbed O atoms has been well studied on
transition state metals for catalytic converter applications, CO + O
recombination was found not to occur at detectable levels on quartz
surfaces analyzed by Sepka et al.?> and Kolesnikov et al.>* How-
ever, O 4 O recombination was detected in the presence of CO on
these surfaces in both investigations. This raises the question as to
whether CO + O recombination is likely to occur in flight where
the surface temperature is well above 1000 K. In this work, we
treat this as a parametric uncertainty by varying p,. In addition to
qw, Fig. 3b also shows the gas-phase number densities of CO and
O at the stagnation point. When p, is low, CO + O recombination
is dominant, and both CO and O are efficiently utilized. This ef-
ficient utilization of both species occurs because the shock-layer
number densities of these species are similar in magnitude (because
they are produced in equal amounts by direct dissociation of CO,),
which is appropriate for the 1:1 stoichiometric ratio required for
CO + O recombination. Figure 3b shows that a slight excess of
O atoms (caused due to a faster diffusion of lighter O atoms com-
pared to CO) is seen. The extra O atoms can be further utilized
if a small amount of O 4 O recombination is allowed to occur by
raising p,. This trend is evident in Fig. 3b as a drop in O density
and a further rise of g, as p, is raised from a low value to 10~
This value of ¢, is the most conservative estimate possible using
the current catalytic mechanism and represents the maximum uti-
lization of CO and O. Once p, is raised above this critical value,
the catalytic heating begins to fall sharply. This drop occurs be-
cause the stoichiometric requirement of the catalytic reactions no
longer matches the available number density ratio of CO and O. As
a result, a rise in p, is accompanied by an underutilization of CO
manifested as a rise in its density. At the extreme of p, =1, only
O atoms are utilized, and CO molecules are reflected back; con-

sequently, the catalytic heating level is at its minimum while still
assuming Ye, = 1.

To obtain a conservative estimate in design, a supercatalytic
wall assumption is often employed.'® This assumption requires that
on diffusion to the wall, the species mass fractions recover the
freestream composition, which maximizes the recovery of chem-
ical enthalpy on the surface. For the Mars Pathfinder simulations
in this work, the supercatalytic heat flux is about 120 W/cm?. This
value, which is about 5 W/cm? higher than the maximum obtained
via the catalytic mechanism defined in Sec. IL.D, is shown in Fig. 3a
as a horizontal line. Although this assumption is a useful design
tool because it gives a ceiling for catalytic heating, it may also be
unphysical. Because the species mass fractions are imposed at the
wall, the net flux of a species may be higher than what is allowed
by kinetic theory. [See Eq. (2).] The only limiting phenomenon in
a supercatalytic assumption is the diffusion process. Nevertheless,
we will consider this limiting case along with high, moderate, and
low catalytic regimes due to its prevalent use in the literature.

III. Methodology

A Monte Carlo sensitivity and uncertainty analysis involves sta-
tistically varying the input parameters and tracking changes in the
output of interest, in this case, the heat flux ¢,. The details of
the methodology can be found in Ref. 5. However, for the sake
of completeness, we briefly outline the steps involved in this work
as follows:

1) Input variables that need to be varied are first identified. In
an aerothermal CFD analysis the input variables can be categorized
as reaction rate parameters, vibration—dissociation coupling param-
eters, vibrational-translational relaxation times, binary interaction
collision integrals for transport property calculations (diffusion, vis-
cosity, and thermal conductivity coefficients), and wall catalycity
parameters. Because this work focuses only on laminar, nonblow-
ing convective heating predictions, input parameters that relate to
bulk material properties, material response, and turbulence models
are not considered. For an eight-species kinetic model, 130 input pa-
rameters, as shown in Table 3, are independently varied in this work.

2) Variability limits for these input parameters are chosen that
roughly represent their typical uncertainties. The chosen variability
limits need not represent the true estimated input uncertainties be-
cause they will only be used for sensitivity analysis. We vary each
input parameter independently and symmetrically about its baseline
value using a Gaussian distribution. The only exceptions are the cat-
alytic parameters )., and p,. These parameters are varied within
the variability limits (to be specified based on the catalytic regime)
using a uniform distribution on a log;o scale because a baseline or
most probable value is not known for these quantities. The models
used and the parameters varied are also shown in Table 3.

3) Independent input sets generated by randomly varying the pa-
rameters are used to make DPLR runs to obtain corresponding heat
flux values. In this work, a total of 3000 axisymmetric runs are made
for each catalytic regime to ensure statistical accuracy. Note that the
convergence rate of a Monte Carlo simulation is independent of the
number of input parameters employed.

4) Input—output correlation coefficients are computed using linear
regression analysis, and the fractional contribution of each input
variability to the overall output variability is obtained. The largest
contributors are the ones that cause the most sensitivity to heat flux.
This allows us to short list a handful of the parameters out of the
130 considered.

Table 3 DPLR input parameters to be varied for sensitivity and uncertainty analysis

Input Parameter  No. of input Variability for
Category Model varied parameters sensitivity analysis
Dissociation reaction rates k=ApyT"exp(—D/T,) Ay 40 +1 order of magnitude
Exchange reaction rates k=AT"exp(—D/T,) A 7 +1 order of magnitude
Vibration—dissociation coupling T,=T" T‘l_'] n 5 +0.15

V-T relaxation time Millikan and White®/Camac!? Slope 40 +10%

Binary collision integral QLLQ22=A £(T) A 36 +30%

Wall catalysis See text Veat P2 2 Entire range
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5) For the short listed input parameters, a more accurate estimate
of their associated uncertainties is performed.

6) A second set of calculations is then made. For this run, the
variability of the short listed parameters is adjusted according to
their estimated uncertainties, whereas all other parameters are varied
according to the initial estimates. The variability in the output now
represents the parametric uncertainty. The input—output correlations
are again computed to apportion the output uncertainty into those
of input parameters.

Note that the chosen input uncertainties in step 2 must at least
bound the expected value because the magnitude of the resulting
sensitivity will be directly related to the magnitude of the input
uncertainty. The penalty for overestimating the magnitude of some
uncertainties in step 2 is (at worst) an increase in the number of short
listed input parameters for which accurate uncertainties must be de-
termined. However, if one or more input uncertainties are severely
underestimated, they may be erroneously ignored as significant con-
tributors to the overall output uncertainty.

IV. Sensitivity Analysis

In the remainder of this paper the sensitivity and uncertainty anal-
ysis results are presented separately for each of the catalytic regimes
mentioned in the preceding sections. This partitioning is performed
because the sensitivities and the rate-limiting steps at play in these
regimes are significantly different in each catalytic regime. In the
next four subsections we present sensitivity analysis results for the
stagnation point of the Mars Pathfinder vehicle at the peak heating
point on the trajectory. Results at different locations on the surface
and different points along the trajectory will be presented in later
sections. The sensitivity results are presented as bar charts (Fig. 4),
with the bar heights representing the square of the correlation coef-
ficient of each input parameter with the stagnation point heat flux

qu-

A. Supercatalytic Wall

Figure 4a shows that in the supercatalytic case, out of 130 input
parameters listed in Table 3, the stagnation point heat flux shows
sensitivity to only four parameters. All four are binary collision

Supercatalytic wall

0.6
| €0,-0

I co-0
| €0,-co
0.2}
I co,-co, [
0__......__. -—am ——maa N P P

Fractional contribution to q,, variability

a) Input parameter id.
Highly catalytic wall

0.4
g [ €o,-co
|
©
2 |
S 0.3F
2 i
e P,
c
-;g 0.2F
g YCII(
S €0,-0
= 0.1F * CO0-0
c
8
o
c | H
w 0- ——— T IPRDURUIS e — —

A P T T T T | 1
10 30 50 70 90 110 130
b) Input parameter id.

integrals as labeled in Fig. 4a. Note that, under the assumption of a
supercatalytic wall, the catalytic properties )., and p, do not have
any variability. The rate of CO, production at the wall is limited
only by the diffusion transport of the reactants O and CO (and to
a lesser extent O,) through the boundary layer. However, the near-
wall region of the boundary layer in the steady state comprises
mostly CO, due to the forced surface recombination. Therefore,
the diffusion of O and CO in a background of CO, are the two
major rate limiting processes, as shown by high correlation of the
CO,-0 and CO,—CO binary collision integrals to ¢,,. Because the
boundary layer a small distance away from the wall also comprises
CO and O in addition to CO,, the CO-O interaction also plays a role
in determining the diffusion of these species toward the wall. The
heat flux also shows slight sensitivity to the CO,—CO, interaction.
This collision integral does not affect the catalytic component of
heating (self-diffusion plays no role in mass transport), but it does
control the thermal conductivity of the near-wall region and, thus,
affects the convective component. The heat flux does not show much
sensitivity to the gas-phase reaction rates over the range of variability
considered in Table 3. The reason for this insensitivity is that the
freestream CO, is almost completely dissociated after the shock. The
CO formed therein remains undissociated throughout the shock and
the boundary layer. As a result, not much is different, as far as the
major species densities are concerned, when the gas-phase reaction
rate constants are varied randomly over an order of magnitude.

B. Highly Catalytic Wall

In this regime we vary y., between 10~! and 10°, and p, is varied
over the range from 10~ to 10° using a uniform distribution on a
logj scale. All other parameters are varied according to a Gaussian
distribution. Figure 4b shows the sensitivity of heat flux on various
parameters in the highly catalytic regime. In this regime, both trans-
port properties and catalytic parameters show significant correlation
with the heat flux, suggesting that this regime is characterized by
regions of both diffusion and surface reaction rate limiting. In a
significant region of the window of variability, the CO + O surface
reaction is CO flux limited, hence, the diffusion of CO in a back-
ground of CO, gas is one of the rate-limiting steps. Other collisional
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Fig. 4 Fractional contributions to heat flux variability from each input parameter: a) supercatalytic, b) highly catalytic, c) moderately catalytic, and
d) weakly catalytic wall; binary collision integrals are labeled as species pairs.
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interactions such as CO,—0 and CO-O are also somewhat important
because in the window of variability, O flux limiting also occurs, as
seen in Fig. 3b. As far as the catalycity parameters are concerned,
both y., and p, also control the heat flux, although the effect of
Year 1S Somewhat muted because diffusion limiting is slightly more
important. However, even in a completely diffusion-limited regime,
the effect of p, is still large. This effect, as discussed earlier, is due
to the efficiency of utilization of CO and O radicals in the catalytic
process. If p, is large, most of the CO remains unused, and the heat
flux is low. On the other hand, if p, is small, the heating approaches
its maximum due to efficient reactant utilization, although some
excess O atoms are left after CO + O recombination is complete.

C. Moderately Catalytic Wall

As shown earlier in Fig. 3a, in the moderate catalytic regime,
1073 < e < 107}, the heat flux varies very strongly with the value
of y.., which is also seen in Fig. 4c. This dependence is because
surface recombination is no longer limited by diffusion; instead the
kinetic rate y., controls the recombination. The preference param-
eter p, is less important because a full utilization of reactants CO
and O does not occur in this regime. As a result, stoichiometric
requirements are not as stringent. Also note that because p, was
chosen using a uniform distribution on the log scale, the low values
of p; (<107") are emphasized. As a result, the weighting on the
most sensitive part of the g, vs p, curve (p, > 107!) is relatively
small. If a uniform distribution of p, on a linear scale were chosen,
p»> would appear as a more sensitive quantity. However, because the
actual value and variation of p, are unknown at this time, either
choice is acceptable as long as it is clearly stated.

D. Weakly Catalytic Wall

In this regime, y.y < 1073, the effect of catalycity on heating
is low. Instead, the heat flux is determined primarily by thermal
conduction from the hot gas. As a result, Fig. 4d shows y., as a
parameter of secondary importance. The transport properties of CO
and O in a gas mixture of CO+ O are important because these
interactions determine the thermal conductivity of the boundary
layer, which comprises mostly CO and O. (CO, is absent in the
boundary layer due to insignificant recombination.) However, the
largest sensitivity of heat flux comes from the O, +0 <2040
gas-phase reaction. In the boundary layer, this reaction proceeds
in the backward (exothermic recombination) direction. The faster
this reaction proceeds, more heated the boundary layer gets, which
results in more thermal conduction into the wall. A slight importance
of the gas-phase reaction O, + CO < 20 + CO is because CO is
also a dominant species in the boundary layer, although its rate is
much smaller than that of the O, 4+ O < 20 + O reaction.

V. Input Parameter Uncertainty Estimates

A. Transport Properties

As discussed earlier, the transport properties of the gas mixture,
including viscosity, thermal conductivity, and binary diffusion co-
efficients, are computed from binary collision integral data using
standard mixing rules. Collision integrals for the 36 binary inter-
actions that occur in an eight-species CO,—N, mixture were taken
from the recommendations in Refs. 16 and 17. These data were
collected from a variety of sources with varying accuracy. The es-
timated uncertainties of all 36 interactions were also reported in
Refs. 16 and 17; these values are employed in this work. Table 4

Table 4 Estimated collision integral
uncertainties for key binary interactions

Interaction Uncertainty, %
C0O,-CO, +20
C0O,-CO +20
C0O,-0 +30
CO-O +30
CO-CO +20
0-0 +5

lists the uncertainties of the key binary interactions identified in the
preceding section.

In addition to uncertainties in the component binary interactions,
additional uncertainty arises in the mixture transport properties due
to nonideal effects such as the mixture rule inaccuracies, the pres-
ence of excited state species, and nonequilibrium (non-Boltzmann)
distribution of vibrational states. Therefore, an additional 10% un-
certainty is added to all collision integrals to account for these non-
ideal effects. In this work, we assume the same percentage uncer-
tainties for both the Q! and %2 collision integrals. This assumption
is justified because the ratio of these collision integrals remains near
constant.'¢17

B. Chemical Kinetics

Out of 12 reactions considered in this mechanism, sensitivity
analysis shows that only the O, + M <20+ M (M =0 and CO)
reaction shows any sensitivity in laminar convective heating as seen
in Fig. 4d. Also, this reaction occurs in the boundary layer in the
reverse direction. In this work, we assume that the uncertainty in the
forward rate constant is same as that in the backward rate. The for-
ward rate constant for this reaction was recommended by Park>* after
reinterpretation of shock-tube data using a two-temperature model.
However, most of the experimental data points were at temperatures
higher than the typical boundary-layer temperature of 1500-2500 K.
Although the general agreement with the experimental data is within
an order of magnitude, we conservatively assign an order of mag-
nitude uncertainty (95% confidence limit) at lower temperatures
typical in the boundary layer.

VI. Uncertainty Analysis

In this section, we present the uncertainty analysis data for the
four catalytic regimes, again at the stagnation point of the vehicle
at the peak heating point of the entry trajectory. For each case,
we show a probability distribution of the stagnation point heat flux
showing its uncertainty and its apportionment to the input parameter
uncertainties. All input parameters that contribute less than 5% to
the heat flux uncertainty are lumped into a single other category.
Also note that the apportionment of the heat flux uncertainty into
input uncertainties assumes a near linear behavior of the model;
possible interaction effects are neglected in the linear regression
analysis performed.

A. Supercatalytic Wall

The uncertainty due to the catalysis model is eliminated by em-
ploying a conservative supercatalytic wall assumption. Although
this assumption gives the upper ceiling of the catalytic heat flux, the
ceiling itself is uncertain due to uncertainties in other input parame-
ters. Figure 5a shows the probability distribution of the heat flux for
this case. The 95% confidence limits are found to be 120.6 W/cm?
(+10.3%, —9.9%) at the stagnation point. The possibility that the
supercatalytic heat flux can be larger by an additional 10.3% (of
course, with decreasing probability) has important design and risk
mitigation consequences. Figure 5b shows the apportionment of
the heat flux uncertainty. As seen during the sensitivity analysis,
CO,-O0 collision interaction is the largest source of uncertainty to
the heat flux because this parameter controls the diffusion-limited
catalytic recombination rate. This is followed by other lesser impor-
tant collisional interactions: CO-O and CO,—CO. About 13% of the
uncertainty is contributed by the rest of the parameters combined.

B. Highly Catalytic Wall

In the highly catalytic regime, the surface recombination pro-
cesses approach diffusion limiting, which is apparent from a large
contribution (32%) to the heating uncertainty from the CO,—CO col-
lision integrals. However, finite rate catalycity is still a significant
contributor to heat flux uncertainty. As we mentioned earlier, at
high catalycity, p,, the preference factor plays a crucial role in de-
termining the net heat flux and consequently appears as one of the
larger contributors to the uncertainty. It was also shown in Fig. 3b
that most of the variability in p, caused the heat flux to remain at
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higher values, close to the maximum, except when p; is high when
the heat flux rapidly drops. This causes an asymmetric probability
distribution of heat flux with the peak of the distribution near the
higher value as seen in Fig. Sc. The catalycity parameter y., also
contributes a 12% uncertainty because of surface process limiting
at the lower end of catalycity within the confines of this regime.
The 95% confidence limits for the stagnation point heat flux are
106.7 W/cm? (+12.0%, —17.2%).

C. Moderately Catalytic Wall

The wuncertainty in the moderately catalytic regime,
1073 < year < 1071, is dominated by the uncertainty in the value of
Yeat» Which in this case is uniformly distributed over the entire range
(in log scale). The catalytic recombination in this regime is surface
process rate limited. The distribution of the heat flux in Fig. Se is
much different from a Gaussian that is seen in other regimes. The
reason for a relatively broad distribution is that the dominant input
Yeat 18 NOt varied according to a Gaussian distribution. Moreover, the
heat flux distribution function is skewed toward the lower values.
This effect occurs due to the variations caused by p,, the preference
factor. As seen in Fig 3b, in the lower end of the moderately cat-
alytic regime, ., ~ 1073, the effect of p, on heat flux is very small,
which allows the heat flux values to be concentrated near the lower
limit value. On the other hand, a strong effect of p, is observed at
the higher end of this regime, y.,; ~ 107!, due to reasons discussed
earlier, which consequently causes spreading of heat flux to lower
values. The 95% confidence limits for the stagnation point heat flux
in this regime are 74.0 W/em? (+41.0%, —33.6%). Figure 5f shows
that most of the heat flux uncertainty is due to .

D. Weakly Catalytic Wall

In the weakly catalytic regime, yey < 1073, the heat flux is domi-
nated by conduction effects, which are controlled by the boundary-
layer temperature and the thermal conduction due to collisional in-
teraction of the dominant species. Because the near-wall boundary-
layer composition in a weakly catalytic regime is mostly CO and O,
the uncertainty in the CO-O collision integral appears as the largest
contributor (Fig. 5h) to the heating uncertainty via thermal con-
ductivity changes. The O, + O < 20 + O reaction is the dominant
recombination reaction in the boundary layer. This reaction results
in a rise of boundary-layer temperature and, consequently, a larger
heat flux. The catalytic parameter y., also contributes about 12% to
the uncertainty, indicating that catalytic heating is still present. The
overall spread of the heat flux distribution in Fig. 5g, however, is
much smaller in this regime with the 95% confidence limits being
47.2 Wiem? (+11.7%, —10.6%).

VII. Uncertainty in Distributed Heating

The findings of the uncertainty analysis at the peak heating point
on the trajectory are summarized in Fig. 6. The heat flux uncertainty
is largest in the moderately catalytic condition due to a high sen-
sitivity to Y., which is a source of large uncertainty. In the highly
catalytic regime, the heat flux uncertainty is reduced due to diffu-
sion limiting. Under highly catalytic and supercatalytic conditions,
the heat flux uncertainties are dominated by diffusion coefficient
uncertainties, which, in general, contribute less to the heating un-
certainty. In the highly catalytic regime, the preference parameter
P> that controls the utilization of CO and O at the wall, is also a
contributor to the uncertainty. The smallest heat flux uncertainty is
found in the weakly catalytic regime because the thermal conduc-
tivity and boundary-layer temperature uncertainties are relatively
lower, and the catalytic uncertainty contributes very little by defini-
tion. Figure 6 also shows heating uncertainties at midfrustum and
shoulder points in the forebody. The numerical uncertainty results
at all three body points examined in this paper are summarized in
Table 5. Although the magnitude of the heat flux is smaller at the
midfrustum and shoulder points, the trends in and magnitudes of the
total uncertainty in heat flux across the different catalytic regimes
are consistent at all body points.

Table 5 Heating results at peak heating trajectory point

95% confidence
limits (%), %

BOdy qu-
location W/cm?

Supercatalytic

Stag. point 120.6 +10.3 -9.9

Midfrustum 68.7 +12.7 —10.5

Shoulder 72.9 +9.8 —8.1
Highly catalytic

Stag. point 106.7 +12.0 —-17.2

Midfrustum 61.6 +13.1 —19.2

Shoulder 65.1 +11.1 —18.0

Moderately catalytic

Stag. point 74.0 +41.0 —-33.6

Midfrustum 46.6 +34.7 —325

Shoulder 45.3 +38.6 -30.9
Weakly catalytic

Stag. point 47.2 +11.7 —10.6

Midfrustum 30.2 +12.2 —10.8

Shoulder 304 +9.0 —8.1
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Fig. 6 Stagnation point heat flux probability distribution at peak heat-
ing in different catalytic regimes.

VIII. Results at Other Trajectory Points

The uncertainty results presented in the preceding sections were
for the peak heating (66-s) trajectory point (Table 1). Uncertainty
data were also generated at two other trajectory points to determine
if there was a trajectory-dependent element to the results. The same
uncertainty process was used for the off-peak heating cases; 3000
DPLR solutions were generated for each catalytic condition with all
input variables (except Y., and p;) varied according to a Gaussian
distribution.

The primary contributors to heat flux uncertainty for the super-
catalytic wall cases were examined first. As was the case with the
peak heating solutions, the main contributors to the uncertainty at
the off-peak heating trajectory points are the collision integrals be-
tween CO,, CO, and O. At all three trajectory points, the CO,—-O
collision integral is the largest contributor to the uncertainty. Three
primary collision integrals (CO,-0O, CO-0, and CO,—CO) account
for about 90% of the total uncertainty for all three supercatalytic
cases.

Trajectory-dependent effects are more pronounced for the highly
catalytic wall, as seen in Table 6. Here, y.,, is the largest contributor
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Table 6 Uncertainty results comparison
for highly catalytic wall

Input variable t=45s t=66s t=76s
Vet 0.50 0.12 0.02
P2 Small 0.17 0.54
Q(C0O,—CO) 0.16 0.32 Small
Q(CO-0) 0.12 0.14 0.10
2(C0O,-0) 0.04 0.12 0.24
CO+CO&CO+C 0.09 Small Small
Other 0.09 0.13 0.10

Table 7 Uncertainty results comparison
for weakly catalytic wall

Input variable t=45s t=66s t=76s
Veat Small 0.12 0.22
2 (CO-0) 0.54 0.41 0.19
CO+0«&C+20 0.20 Small Small
0,+0430 Small 0.27 0.32
Other 0.26 0.20 0.27

to the heating rate uncertainty at the r =45 s trajectory point, but
the effect of ., is only 0.12 at the peak heating point and decreases
further to 0.02 at the r =76 s trajectory point. Conversely, the ef-
fect of p, increases as the vehicle travels along the trajectory. The
P> parameter contributes an insignificant amount to the uncertainty
at t =45 s but is the largest component of uncertainty at =76 s.
The differences in what input parameters affect the uncertainty for
a highly catalytic wall can be attributed to the changing nature of
the flowfield at the different trajectory points. The increased density
at t =76 s promotes more gas-phase recombination in the bound-
ary layer compared to the lower density conditions at t =45 s. The
higher density drives the flow to a more equilibrium state, in part via
the CO, + O < O, 4 CO reaction. The near wall region at r =76 s
is always O-atom deficient due to the amount of recombination into
0,. In addition, the breakpoint between the flow being diffusion or
rate limited has been driven to smaller values of y., at t =76 s.
Att =45 s, there is less tendency toward gas-phase recombination,
and the peak efficiency value of p, is shifted to larger values closer
to one. The recombination of CO, and O, at the wall is not diffu-
sion limited at # =45 s, meaning that the heating rate will be more
sensitive to the value of .

The uncertainty results for the moderately catalytic wall are con-
sistent at all three trajectory points. The dominant contributor to
the uncertainty is y.,, which accounts for at least 90% of the total
uncertainty. This finding is not surprising given that this regime
is chosen to encompass that portion of parameter space where
the surface catalytic reactions are rate limited (Fig. 3a) and indi-
cates that the bounds of this regime are relatively constant over the
trajectory.

The uncertainty results for the weakly catalytic wall at the three
trajectory points are shown in Table 7. As was seen in Fig. 3a,
at weakly catalytic values of y.,, the heating rate is insensitive to
changes in p,. Therefore, p, is an insignificant contributor to the
heating rate uncertainty for all three trajectory points. The impor-
tance of y,, increases with increasing density because catalycity is
a larger percentage of the total heating at higher densities. As was
discussed earlier, the amount of gas-phase recombination increases
with increasing density. At the t =45 s trajectory point where the
amount of atomic oxygen is comparatively high and the amount of
diatomic oxygen is comparatively low, the CO-O collision integral
and CO + O < C + 20 reaction make significant contributions to
the overall uncertainty. As the gas-phase oxygen recombination in-
creases with increasing density, the uncertainty contributions from
these two quantities decreases, and the effect of the O, + O < 30
reaction kinetics becomes more important.

Finally, Table 8 lists the stagnation point heating and 95%, that
is, 20, confidence limits, for all three trajectory points at the four
catalytic conditions. As was the case at the peak heating point, the

Table 8 Stagnation point uncertainty results
at other trajectory points

95% confidence

Time, s G, Wicmy limits (%), %
Supercatalytic

45 55.8 +11.3 -9.0

66 120.6 +10.3 -9.9

76 91.6 +12.3 —10.5
Highly catalytic

45 45.7 +13.9 —13.5

66 106.7 +12.0 —17.2

76 77.8 +16.7 -27.9

Moderately catalytic

45 28.5 +43.8 —26.8

66 74.0 +41.0 —-33.6

76 54.9 +46.7 -39.0
Weakly catalytic

45 21.7 +14.1 —114

66 472 +11.7 —10.6

76 31.5 +12.8 —12.0

off-peak heating solutions show the greatest spread in the heating
rate data at the moderately catalytic condition. Again, the reason for
this effect is that in the moderately catalytic regime changes to Yy
can have a marked effect on the computed heating rate. Generally
speaking, the 95% confidence limit values are greater atthe t =76 s
trajectory point than they are at the peak heating or t =45 s trajec-
tory points. This result is most pronounced for the highly catalytic
wall.

IX. Summary

In summary, a Monte Carlo uncertainty and sensitivity analysis
was performed for Mars Pathfinder entry convective aeroheating.
The Pathfinder case was selected to be representative of a mod-
erate Mars atmospheric entry condition. A parametric flux-based
wall catalysis model was developed that consists of two major re-
combination channels: CO 4+ O — CO, and O + O — O,. Based on
the bounds defined by this catalytic model, sensitivity and uncer-
tainty analyses were performed for four different catalytic regimes,
namely, supercatalytic, highly catalytic, moderately catalytic, and
weakly catalytic walls.

The sensitivity analysis found that, for supercatalytic and highly
catalytic regimes, the binary collision integrals are the most crit-
ical input parameters due to diffusion rate limiting. The reaction
preference factor p, also appears as a vital input parameter at high
catalycity. For moderate catalycity, a high sensitivity of heat flux
to the catalytic parameter y., implies heterogeneous reaction rate
limiting. In the weakly catalytic regime, the thermal conduction, de-
termined by the binary collision integrals and the O + O gas-phase
recombination rates, appear as the most important parameters. There
was some trajectory-dependent behavior to the uncertainty results
that was evident when calculations were performed at two off-peak
heating points in the trajectory. The changes in the uncertainty con-
tributions were due to differences in gas-phase recombination, peak
efficiency value of p,, and reaction kinetics caused by differences
in boundary-layer density at the different trajectory points.

The findings of this study indicate that improved characteriza-
tion of the catalytic properties of thermal protection material sur-
faces under flight conditions will result in a significantly improved
heat flux prediction and, consequently, in a reduced heatshield mar-
gin, a lower TPS mass, or a wider choice of materials. Even for
the most conservative supercatalytic wall model an additional 10%
uncertainty must be carried to account for other input modeling
parameters. If the surfaces are deemed highly catalytic, which is
often assumed due to surface roughness or formation of an ab-
lative char layer, a more precise determination of the key binary
collision integrals and an improved diffusion model will yield max-
imum improvement in laminar real gas Navier—Stokes aeroheating
predictions.
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