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ABSTRACT

Ablative material response codes currently in use consider local thermal equilibrium between the solid
phases and the pyrolysis gases. For typical entry conditions, this hypothesis may be justified by the
fact that the thermal Peclet number within the pores is small, which is a necessary condition for
thermal equilibrium in non-reactive materials. However, the validity of this analysis may fall under
some circumstances. The thermal Peclet number may become large due to high pyrolysis gas velocities.
Additional physical phenomena not accounted for in the Peclet analysis may become non-negligible,

Keywords: such as the change of enthalpy due to chemical reactions. The objective of this study is two-fold.
Local thermal non-equilibrium First, a detailed two temperature material response model for porous reactive materials is presented.
Non-equilibrium chemistry This model has been implemented and made available in the Porous material Analysis Toolbox based
szgﬂﬂ protection system on OpenFOAM (PATO). Second, the model is applied to the Theoretical Ablative Composite for Open
T. T

Testing (TACOT) in a wide range of conditions to assess the true range of validity of the thermal
equilibrium hypothesis. Simulations are carried out on the Stardust and Mars Science Laboratory (MSL)
atmospheric entries. The main design variables have been monitored and compared between the two
models: temperature evolution and species concentration within the material, pyrolysis gas blowing rate,
extension of the pyrolysis zone, and wall recession due to ablation. Results show that under chemical
equilibrium conditions, no significant deviation in the monitored quantities are observed, while under
chemical non-equilibrium conditions there is a large impact on the species concentration.

Stardust and MSL missions

1. Introduction rials represent a traditional approach to thermal protection [1-3].
A famous example is the new class of phenolic impregnated ab-
lators (PICA [4], PICA-X, ASTERM [5]) that consists of a carbon
fiber preform partially impregnated with phenolic resin, resulting
in very light weight and excellent thermal insulation properties.
When heated, the resin thermally decomposes and progressively
carbonizes, losing mass and releasing pyrolysis gases. These gases
percolate and diffuse towards the surface, reacting with each other
(homogeneous reactions) and with the solid phases (heterogeneous
reactions). Once at the surface, the gases are blown into the flow-
field boundary layer, changing its composition. The blowing also
induces a blockage of the convective heat flux impinging on the
surface of the spacecraft, thus reducing the thermal load [6]. In
addition, the surface of the heat shield is ablated due to the occur-
rence of heterogeneous chemical reactions between the boundary
5 . . N layer gases and the surface (oxidation, nitridation) and due to sub-
Corresponding athor ?t: I2M - Institute of Mecha{llFal Englqeermg of Bordeaux: limation above 2500 K
UMR CNRS 5295, University of Bordeaux, Arts et Métiers Institute of Technology, g
Hesam Université, Bordeaux INP, INRAE, 33400, Talence, France. Engineering design tools must be able to correctly predict the
E-mail address: scandellihermes@gmail.com (H. Scandelli). in-depth temperature experienced by the internal structure of the

Extra-orbital missions often involve the analysis of entry pro-
cesses into planetary atmospheres at hypersonic speeds. Under
these conditions, a high enthalpy curved detached shock (bow
shock) forms in front of the spacecraft and the kinetic energy is
progressively dissipated into heat. Convection of this flow around
the capsule and radiation progressively heat the material. The
temperature at the surface of the material can increase to ap-
proximately 3000 K for severe entry conditions. To ensure the
integrity of the structure, a thermal protection system (TPS) is de-
signed to absorb and dissipate the heat through phase changes,
chemical reactions, and material removal. Charring ablative mate-

https://doi.org/10.1016/j.ast.2023.108297




Nomenclature

Latin Letters

K permeability tensor.............ooeiiiiiiiiiin.... [m?]
Eeff effective thermal conductivity tensor.... [Wm~1K~1]
b JRZ0 1S L 10) o B V7= e (o ) [m]
v macro-scale velocCity ...............coevvviann.. [ms— 1
A Arrhenius law pre-exponential factor

A generic element/species

Cm mass transfer coefficient.................. [kgm~2s5~1]
Cp specific heat.............ooovviiviininnn.. [Jkg= K~
dp mean pore diameter ..........c.coveiieiiiinnennnnn.. [m]
& Arrhenius law activation energy............. [Jmol~1]
e specific energy ........coovviiiiiiiiiiiiiiii., [J kg1
F effective diffusion flux.................... [kgm—2s~1]
h specific absolute enthalpy..................... [Jkg™1]
hy volumetric heat transfer coefficient...... (Wm—3K~1]
M MOJar MaSS.....evieeiiiii i iieeeannns, [kgmol~1]
m,n Arrhenius law parameters

Ng number of gaseous species

Ny i number of sub-phases in the solid phase i

N number of solid phases

‘Pi,Pi,j solid phase i and sub-phase j of solid phase i

p Macro-scale pressure..........cooeeeveeverneennnnn. [Pa]
Q effective diffusion heat flux................ [Jm—2s~1]
R specific perfect gas constant ............ [Jmol 1K~ 1]
T macro-scale temperature............coeevevennennn.. [K]
t 11013 0 1< [s]
v,z species, element mass fractions

Greek Letters

B Klinkenberg correction tensor.................... [Pa]
A relative difference

€ volume fraction
w dynamic VisCoSity ........ccvviiiiiiiiinneinnnnn. [Pas]
% stoichiometric coefficient
Tk pyrolysis mass production rate of

element/SpPecies ........c.oeuveueennnenn.. k [kgm—3s—1]
1 global mass production rate of the pyrolysis

FEACHIONS .« e e e e et e [kgm~3s~1]
P macro-scale density..............ccoveeiiinnn.. [kgm—3]
Xij advancement of the pyrolysis reaction of sub-phase j

within phase i

Subscripts and Superscripts

0 initial time

c, v char and virgin

eff effective

g gas

i,j,k indexes used in the sum operators
S solid

tot total

w wall

Adimensional Groups
Pe thermal Peclet number
Acronyms

LTE Local Thermal Equilibrium

LTNE Local Thermal Non-Equilibrium

MSL Mars Science Laboratory

PATO Porous material Analysis Toolbox based on OpenFoam
REV Representative Element Volume

TACOT Theoretical Ablative Composite for Open Testing

TPS Thermal Protection System

vehicle as well as the total recession of the material. As described
above, an atmospheric entry involves a wide range of phenom-
ena, which makes the development of these tools challenging. This
leads to the introduction of assumptions into the design models in
order to simplify the description. It is therefore important to check
the accuracy of these assumptions in the assessment of the effi-
ciency of the ablator, to avoid unnecessarily increasing the safety
margin in the design process. In particular, one of the most com-
mon assumption is to consider Local Thermal Equilibrium (LTE)
between the gas phase and the solid phase of porous ablative ma-
terials, meaning the gas temperature accommodates to the solid
one within the pores. It follows that a single governing equation is
used to model the conservation of energy. According to Puiroux et
al. [7], this assumption can generically be considered true as long
as the Peclet number for heat diffusion inside the pores is small
(Pe « 1). In the case of entry flow conditions, the small pore size
(dp <100 pm) and the slow pyrolysis gas flow (vg ~ 1 m/s) ensure
the condition to be true. However, the validity of this analysis may
fall under some circumstances. The thermal Peclet number may
become large due to high pyrolysis gas velocities, or additional
physical phenomena not considered in the non-dimensional num-
ber may turn out to be non-negligible, such as strong variations of
enthalpy due to chemical reactions. Under these circumstances, a
Local Thermal Non-Equilibrium (LTNE) model, i.e. two energy con-
servation equations, would be necessary to accurately characterize
the temperature of the gas. The importance of this aspect lies in
the fact that the chemical reactions taking place in the mixture
are strongly affected by the temperature of the gas. The use of LTE

models, when inappropriate, may lead to an incorrect description
of the gas phase.

The objective of this study is two-fold. First, a detailed two
temperature material response model for reactive porous materials
is presented. This model has been implemented and made avail-
able in the Porous material Analysis Toolbox based on OpenFOAM
(PATO). Its numerical description is presented in Section 2. Sec-
ondly, in Section 3, the model is applied to the Theoretical Ablative
Composite for Open Testing (TACOT) in a wide range of condi-
tions to assess the true range of validity of the thermal equilibrium
hypothesis. Simulations are carried out on the Stardust and Mars
Science Laboratory (MSL) atmospheric entries with both chemical
equilibrium and non-equilibrium conditions. For the latter case, the
nonequilibrium mechanism based on an experimental campaign
and proposed by April and Pike [8] is adopted. Finally, conclusions
are drawn in Section 4.

2. Numerical model

The material response code, PATO, has been implemented and
validated over the last decade [9-11]. In what follows, a short
review of its main assumptions and governing equations is pre-
sented. We invite the reader to refer to the cited articles for more
details.

2.1. Main assumption

The model provides the numerical description of the interaction
between a multi-phase reactive material (N solid phases) with a



multi-species reactive gas mixture (N, gaseous elements/species).
The reactive material is assumed to be rigid and the gas phase to
be a mixture of compressible and perfect gaseous elements/species.
The gas mixture is constrained to the creeping regime. Any liquid
phase present in the ablative material (such as water) is modelled
as a solid static phase. The numerical description is carried out at
the macro-scale. The governing equations are derived from upscal-
ing theories [12-14], relying on the existence of a Representative
Elementary Volume (REV) of the domain and on the assumption
of scales separation. The specific choice of the upscaling theory
is not critical, as all approaches lead to equivalent results, pro-
vided the same physical hypotheses and level of mathematical
approximations [15]. Second order couplings, such as dispersion,
are neglected. As the entire section is aimed at the macro-scale,
unmarked notations are employed to address to intrinsic phase
variables [11].

2.2. Pyrolysis

N; solid phases compose the material. For example, in TACOT
the main components are the carbon fiber preform and the phe-
nolic resin, which are modelled as two phases. Each solid phase,
‘Pi, may decompose following multiple pyrolysis kinetics. We deal
with this aspect by splitting each phase i into N ; sub-phases. A
generic sub-phase P; j undergoes a determined kinetic mechanism
which results in the production of species, or element, A, accord-
ing to the stoichiometric coefficients v; ;

Ng
Pij— Z Vi j kAk (1)
k=1

The Arrhenius model is adopted to model the pyrolysis reactions.
This leads to the definition of the advancement of the pyrolysis
reaction x; j of sub-phase j within phase i as follows

i = (1= e )" A exp (= L) @)
R Ts

where m and n are the Arrhenius law parameters, A is the Ar-
rhenius law pre-exponential factor, £ represents the Arrhenius law
activation energy, R stands for the perfect gas constant, and T in-
dicates the temperature of the solid. By summing the productions
of the Ns solid phases it is possible to derive the total production
rate 7 of species/element k

Ng Np.i

T = Z Z Vi ik €i,0 0i,0 Yi,j Ot Xi, j (3)
i=1 j=1

where €; 0, pi0, and y; j, are respectively the initial (at t=0) vol-

ume fraction of phase i, intrinsic density of phase i, and mass

fraction of sub-phase j within phase i. The overall pyrolysis-gas

production rate IT is evaluated by summing over the elements and

species in the mixture

Ng
n=>Y m (4)
k=1

2.3. Mass conservation

Each solid phase, each species/element, and the gas mixture are
characterized by a mass conservation equation. No heterogeneous
reactions are considered.

For a generic solid phases i, the equation reads

0 (€ipi) = —Ti (5)

where t is the time and the subscript 0 stands for the initial time
(t=0).

Depending on the chemical model used in the gas phase, el-
ements or species are considered (elements for equilibrium or
species for finite-rate chemistry). In case of chemical equilibrium
the conservation equation for a generic element with mass frac-
tion zj reads

0t (€gPgzk) + Ox - (€gPgZkVg) + Ox - Fi = Ty, (6)

In case of finite rate chemistry, the conservation equation for a
generic species with mass fraction y; reads

0(€gpgyi) + Ox - (€EgPgYiVg) + Ox - Fi =T (7)

where M, is the molar mass of the gas mixture and F; and
Fi [11] are the effective multicomponent diffusion mass fluxes of
the i-th species and k-th element. Mutation++ [16,17], is used as
a third party library to compute all thermodynamics and transport
properties.

For the gas mixture, the mass conservation accounts for the py-
rolysis production rate I1

Ny
O (€gpg) + Ox - (€gpgVg) =— Y dh(€ipi) =TI 8)

2.4. Momentum conservation

The average gas velocity is obtained from the resolution of Dar-
cy’s law [18]

111

vgz—f[—1<(1+ ﬂ)]-axpg (9)
g

where pg is the gas pressure, K is the permeability tensor, and

B the Klinkenberg correction introduced to account for slip effects

(at the pore scale) when the Knudsen number is not very small.
This expression for the gas velocity vector can be substituted back
into the gas mass conservation law, Eq. (8). Assuming a mixture of
perfect gases, the following equation in pressure is found

at( R/f pg>—3 [Gij;:g /ng<1+p ,3)~axpg]=n+szh

(10)

where (g is the dynamic viscosity of the gas mixture.
2.5. Energy conservation

Under the assumption of LTE, the temperature of the gas mix-
ture accommodates to the one of the solid: Ty =Ty =T. A single
conservation equation is then considered [11]

Ng
0t (Protrot) + Ox - (€gpghgVg) = Ox - Z Qk + 0x - (Eeff' BxT)
k=1
(11)

where the subscript tot stands for total, e, h, and T denote respec-
tively the internal energy, the absolute enthalpy, and the tempera-
ture, Qy is the heat transport by effective diffusion of the species,
and k .. represents the effective thermal conductivity tensor. The
terms on the left hand-side of the equation are the ones of ac-
cumulation and advection. While, on the right hand-side there
are the terms of diffusion of the pyrolysis gases and the con-
duction flux. The conduction flux is described by Fourier’s law



Table 1

Pyrolysis balance equations and kinetic parameters for the phenolic matrix in TACOT.

j Pyrolyis of phenolic matrix Peak (K) Az (s~h &,,j (J/mol) my ny,j

1 Py1— H0 373 8.56- 103 7.12.10% 3 0

2 P22 —> 0.69H,0 +0.01CeHe + 0.01C7Hg +0.23CeHs O 773 8.56-10° 7.12-10% 3 0

3 Py3—>0.09C0;+0.33CO + 0.58CH,4 873 4.98-108 1.70- 105 3 0

4 Prs— H 1073 4.98-108 1.70-10° 3 0
Table 2

where the effective conductivity tensor accounts for conduction
in the gas and solid phases and radiative heat transfer within the
pores [10,19].
Eq. (11) can be further developed by expressing the total stor-
age internal energy (prot €tot) as the sum of the energy of its
phases
Ns

Protetot = €gPglyg +Zfipihi (12)
i=1

By substituting this term back in Eq. (11) and by performing the

time derivatives, the energy conservation equation takes its final
form

N

Z €iPiCp,i0tT + €gPgCp g0t T
i=1

N Ng
=t (K 0aT ) = 2 hide(eap) = Y hjdk(€gpgy))
i=1 j=1
Ng
+ O (€gPg) — Ox - (€g0ghg V) +dx- Y Qi (13)
k=1

where ¢, is the specific heat. All the accumulation terms are gath-
ered on the left hand-side of the equation. Whereas, on the right
hand-side it is possible to find (in order) the terms related to con-
duction, pyrolysis, pressure, advection and species diffusion.

Under the assumption of LTNE, two energy conservation equa-
tions are needed to describe the solid and gas phases. The two
equations are

Ns Ns

Z €iPiCp,idTs + Zhiat(fil)i)

i=1 i=1
= 0x- (Iéeff,s . asz) + hv (Tg - Ts) (14)
and
Ng
€gPgCp.gdTg + Zhjat(fgpg)’j) — dr(egpg)
j=1

=0y <€ngVghg) + 0 (Iéeffsg ' ang)

Ng
+3x'ZQk+hv(Ts—Tg) (15)
k=1

where h, is the volumetric heat transfer coefficient that identifies
the heat exchanged by the two phases. It should be mentioned, if
summing the two LTNE equations (Eq. (14) and Eq. (15)), the LTE
equation (Eq. (13) is obtained.

3. Application of the model to the ablation cases

In this section, the numerical model is applied in order to as-
sess the validity of the thermal equilibrium hypothesis for atmo-
spheric entry applications. Two different ablation cases are consid-
ered: Stardust and MSL missions. A subsection is dedicated to each

Modified April mechanism [8] considered for the chemical non-
equilibrium analysis.

Reaction Formula A (s £ (J/mol)

1 CH4 —> 0.5 Hy + 0.5 C3Hg 7.6 10 397480
2 CyHg —> Hy + CaHy 3.110% 292880
3 CyHy —> CoHy + Hy 2.6 108 167360
4 CyHy —> 2C + Hy 21100 167805
5 C+2H; —> CHy 2.0 10° 71128

6 CeHsOH + Hy — H;0 +CgHg 2.0 10'* 188280
7 CgHg —> 3 C2H, 1.4 10° 246440
8 C+Hy0 — CO+H; 1.2 102 343088
9 CO+Hy0 — Hy+CO; 1.0 10 125520
10 C+C0—2CO 1.0 108 209200
1 2C0—C+CO 1.0107° 255224

of them. The same ablative material, TACOT, is considered for all
cases. This theoretical material is characterized by a composition
and properties that are comparable to NASA’s Phenolic Impreg-
nated Carbon Ablator. In volume, TACOT is made of 10% of carbon
fibers (phase-1) and 10% of phenolic resin (phase-2), hence Ns = 2.
It is 80% porous (phase-0: gas). During the thermal degradation
process, the carbon fibers phase does not decompose, while the
phenolic resin undergoes several parallel pyrolysis mechanisms, as
showed in Table 1. 1D Simulations have been carried out on uni-
form meshes. The thickness of the geometry is specified in each
subsection. A convective thermal boundary condition (Bprime [20])
involving the resolution of the mass and energy balances at the
surface [9] is enforced to the surface with the external environ-
ment; an adiabatic condition characterizes the bottom boundary.
A 600-cells mesh has been adopted following a mesh convergence
analysis. To account for the material response, that is for the shape
changes due to surface recession, PATO adopts an unstructured
moving mesh technique.

For each case, both the LTE (Eq. (13)) and the LTNE (Egs. (14)
and (15)) models are applied. Results are then compared and com-
mented. The comparison is made in terms of temperature evolu-
tion and species concentration (non-equilibrium) within the mate-
rial, pyrolysis gas blowing rate at the surface, wall recession due
to pyrolysis ablation, and identification of the pyrolysis zone. The
latter is defined as the intermediate region between two thresh-
olds in terms of the density: virgin 98% and char 2%, defined as
v (98%) = pc + 0.98(py — pc) and pc(2%) = pc + 0.02(py — Pc).
The relative difference, A between the results is defined as follows

Ao v (98%)1T — Py (98%)2t
pv(98%)1T

100 (16)

where the quantity p,(98%) is taken as example.

In order to apply the LTNE model, it is necessary to quantify
the volumetric heat transfer coefficient between the gas phase
and the TACOT material. Its value has been set equal to h, =
10° Wm—3K ™!, after experimental characterization [21].

For the chemical non-equilibrium analysis, a modified April
mechanism [8] has been considered for the composition of the gas
mixture. This mechanism is reported in Table 2.
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Fig. 1. Stardust case. Thermocouple data are reported on the

Table 3

Stardust case. Partial summary of the environment prop-
erties. Input data are the wall pressure and enthalpy,
Pw,hw and the mass transfer coefficient Cp,.

t(s) pw (Pa) Cm (kg/m?/s)  hy (J/kg)
0 1.5 0.00005 77926960
1 1.8 0.00006 77984280
2 21 0.00007 78040736
3 24 0.00008 78095240
4 2.6 0.00009 78146168
50 19142.319 0.17378 61280148
51 21350.19075 0.18082 59093460
52 23558.0625 0.18786 56748968
131 2144.746275 0.01705 95178

132 2067.8406 0.01644 89990

133 2067.8406 0.01582 84957

3.1. Stardust ablation case

The Stardust mission was a 390-kilogram robotic space probe
launched by NASA on 7 February 1999. Its primary mission was to
collect dust samples from the coma of the comet Wild 2, as well as
cosmic dust samples, and return these to Earth for analysis. It was
the first sample-return mission of its kind. The primary mission
was successfully completed on 15 January 2006, when the sample
space probe returned to Earth.

The TPS is modelled as a 1D material composed of three layers:
5.8 cm of TACOT material, 0.14 cm of adhesive film (HT-424), and
1.27 cm of aluminium 2024 [22]. An overview of the input data for
the convective boundary condition is given in Table 3. Standard air
is considered for the initial gas composition of the material and for
the element composition at the boundary.

3.1.1. Chemical equilibrium

Results of the thermocouple and temperature difference are
showed in Fig. 1 Without any abrupt change of condition, the gas
temperature tends to be closer to that of the solid. Referring to
the figure on the right, it can be seen that at most, the difference
between the two predictions is about 25 K. Considering that the
temperatures are about 3000 K, the 25 K difference (less than 1%)
can be considered negligible. In fact, in the figure on the left, the
temperature curves of the gas and the solid are superimposed at
each position. This aspect is also reflected in the comparison of
other quantities of interest. This is represented in Fig. 2, where the
maximum relative difference, A =0.2% is related to the prediction
of the location of the virgin front.

3.1.2. Chemical non-equilibrium

The species distribution within the material at time t =40 s is
reported in Fig. 3 It can be observed that the use of LTE or LTNE
strongly influences the species distribution. In particular, CO, Hj,

Temperature (K)

surface
1mm
2 mm
4 mm
8 mm
16 mm
50 mm

Tg-Ts -
Tg-Ts -
Tg-Ts -
Tg-Ts -
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Tg-Ts -
Tg-Ts -

20 a0 60 80 160 120
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left figure and temperature difference on the right one.
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\nmi

100 130
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§

w0 _ £y
Time (s)

Fig. 2. Stardust case. Blowing rates, pyrolysis zone, and wall recession.

CHy4, and CO; are the species that undergo a higher difference
in the predictions. The difference concerns both the evolution of
the mass fractions in the material and at the interface with the
external environment. It follows that, depending on the model, the
boundary layer will be characterized by a different composition,
hence different properties.

3.2. MSL ablation case

The Mars Science Laboratory mission was a robotic space probe
mission to Mars launched by NASA on November 26, 2011. It suc-
cessfully landed Curiosity, a Mars rover, in Gale Crater on August
6, 2012. The overall objectives include investigating Mars’ habit-
ability, studying its climate and geology, and collecting data for a
human mission to Mars.

The depth of the ablative material is of 4.385 cm [20]. The Mars
atmosphere is considered for the initial gas composition of the ma-
terial and for the composition of the elements in the boundary
layer. The input data for the convective boundary layer are taken
from the study by Meurisse et al., 2018 [20], where 11 discrete
times along the MSL trajectory are considered: 48.4, 59.1, 64.4,
69.6, 71.5, 73.9, 76.2, 80.5, 84.4, 87.5 and 100.5 s. A linear varia-
tion of the conditions is assumed in the intermediate intervals.

3.2.1. Chemical equilibrium

The thermocouple and temperature difference results are
showed in Fig. 4. A difference of 40 K is reached at the beginning
of the simulation between the two temperatures due to the initial
sharp change of condition. After the first few seconds in which the
value remains constant, the difference gradually decreases to 3 K
at 100.5 s. Nevertheless, as can be seen in Fig. 5, this small differ-
ence in temperature does not lead to any discrepancy on any other
quantity of interest. The maximum relative error is still provided
by the prediction of the virgin front location with a value of 0.2%.

3.2.2. Chemical non-equilibrium
The species distribution within the material at time t =705 is
reported in Fig. 6. The figures show again a clear difference be-
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Fig. 6. Stardust case. Species distribution within the material at time t = 21s.

tween the two models. However, due to the lower temperatures
reached, the difference is less marked than in the Stardust case.
The species difference concerns only the internal part of the mate-
rial, and not the interface. The composition of the boundary layer
between the two models remains unaltered.

4. Conclusions and perspectives

This study investigates the validity of the local thermal equi-
librium assumption for ablative material responses. To this end, a
two-temperature model has been implemented and integrated in
the Porous material Analysis Toolbox based on OpenFOAM (PATO).
This toolbox has been then used to simulate the pyrolysis of
the Theoretical Ablative Composite for Open Testing (TACOT) in a
wide range of conditions to assess the true range of validity of
the thermal equilibrium hypothesis. 1D simulations are performed
on the Stardust and Mars Science Laboratory atmospheric entry
missions. Both Local Thermal Equilibrium (LTE) and Local Ther-
mal Non-Equilibrium (LTNE) energy models have been adopted.
The comparison between the two models has been carried out by
monitoring the temperature evolution and species concentration
(non-equilibrium) inside the material, the pyrolysis gas blowing
rate, the pyrolysis zone, and the wall recession due to ablation.
Results show that the gas temperature does not perfectly match
that of the solid at the surface, especially when a sudden change
in conditions occurs. Nevertheless, the temperature difference does
not lead to a significant deviation in the monitored quantities (the
maximum relative difference in the results has been found to be
about A =1.4%) under chemical equilibrium assumption. The rela-
tive difference values are possible sources of uncertainty to include
in the design analysis. The same conclusion does not hold for the
case of chemical non-equilibrium. In this case, especially in the
Stardust case where higher temperatures are reached, the species
distribution prediction is strongly influenced by the use of LTE or
LTNE models. In particular, the difference concerns both the evolu-
tion of the mass fractions of the species in the material and at the
interface with the external environment. It follows that, depend-
ing on the model, the boundary layer will be characterized by a
different composition, hence different properties.

Results obtained in this study must be considered with caution.
As the main purpose of the work is to estimate possible differ-
ences resulting from the use of LTE or LTNE models, no effort has
been directed towards the description of chemical mechanisms.
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Fig. 7. Test case #1. Comparison of the temperature and enthalpy profiles.

The April mechanism has been employed, despite knowing its in-
accuracy. In the perspective of a more realistic modelling, greater
efforts must be placed on the description of the chemical mech-
anisms and in particular on the estimation of the enthalpy varia-
tions of individual reactions. An acknowledgement of this problem
can be seen in Fig. 7, where the pyrolysis gas enthalpies profiles
within the material, at equilibrium and finite rate, are reported for
the ablative test case #1. It can be observed how the two are sig-
nificantly different, thus underlining a fundamental problem in the
treatment of the pyrolysis mechanism.
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