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Recent and future re-entry vehicle designs use ablative material as the main component
of the heat shield of their thermal protection system. In order to properly predict the
behavior of the vehicle, it is imperative to take into account the gases produced by the
ablation process when modeling the reacting flow environment. In the case of charring
ablators, where an inner resin is pyrolyzed at a relatively low temperature, the composition
of the gas expelled in the boundary layer is complex and might lead to thermal chemical
reactions that cannot be captured with simple flow chemistry models. In order to obtain
better predictions, a proper gas flow chemistry model needs to be included in the CFD
calculations. The present paper proposes to compare three published reaction sets that are
relevant to carbon-phenolic ablators, such as PICA, the ablative material that was used on
the Stardust return capsule and that will be used on the entry vehicle of the Mars Science
Laboratory (MSL). Because extensive differences are found in boundary layer composition
and heat fluxes, both convective and radiative, a new model is proposed.

Nomenclature

Symbols
D Mass diffusion coefficient U,v  Velocity
m Mass rate Y Mass fraction
P Pressure n Distance normal to the wall
T Temperature p Density

Subscripts
g Gas blown w Wall
ne Next to the wall 00 Freestream
S Species

I. Introduction

The Thermal Protection System (TPS) of a re-entry vehicle is one of the key components of its design.
The materials used for the TPS can be classified into two main categories: ablative materials, as in the one
used on Apollo missions, and non-ablative materials, such as the ceramic tiles used on the space shuttle.
The former can also be divided into two sub-categories: charring (also know as pyrolyzing) and non-charring
ablators. The theory behind the use of ablators is quite simple: the energy absorbed by the removal of
material from the surface is not used to heat the TPS, thus keeping the vehicle at a relatively “cold”
temperature. In the case of charring ablators, the ablative material is a resin which fills the pores of a
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carbon matrix. Although the matrix might ablate, it usually does not, thus preserving the original geometry
of the aerodynamic surface during re-entry.

In order to properly model the heat rates at the surface of the vehicle, the ablating boundary condition
must take into account many phenomena: surface recession, wall temperature, blowing rates, gas compo-
sition, surface chemistry, etc. However, to account for the effects of the pyrolysis gas on the vehicle, the
chemistry model of the flow field must include the reactions associated with the presence of this gas. Because
ablation coupling is becoming an increasingly important research topic, 7 the development of an accurate,
yet usable, chemistry model is of great importance. Models have been proposed in the past® 1% but important
reaction were not included, and some of the reactions rates were inappropriate or simply outdated.

This paper proposes to take a closer look at the existing chemistry models, and test them in the hypersonic
CFD code LeMANS. First, three published chemistry models are presented, and the difference between them
are highlighted. Then, using a representative, but extreme test case, they are evaluated by taking a closer
look at the boundary layer composition as well as convective and radiative heat fluxes. The discrepancy
between the results clearly shows the need to develop a more comprehensive chemistry model, as the one
presented in Ref. 11, but that would still run efficiently in a CFD code.

II. LeMANS: an unstructured three dimensional Navier-Stokes solver for
hypersonic nonequilibrium aerothermodynamics

A. Overview

LeMANS is a finite volume Navier-Stokes solver currently being developed at The University of Michi-
gan.'2'® The code assumes that the rotational and translational energy modes of all species can be de-
scribed by their respective temperatures 7, and T, and that the vibrational energy mode of all species
and the electronic energy can be described by a single temperature T,..'® The latter is computed using
the species vibrational energy, modeled as a harmonic oscillator. The viscous stresses are modeled assum-
ing a Newtonian fluid, using Stokes’ hypothesis, and the species mass diffusion fluxes are modeled using a
modified version of Fick’s law. Mixture transport properties are calculated using one of two models; the
first uses Wilke’s semi-empirical mixing rule with species viscosities calculated using Blottner’s model and
species thermal conductivities determined using Fucken’s relation, and the other uses Gupta’s mixing rule
with species viscosities and thermal conductivities calculated using non-coulombic/coulombic collision cross
section data. Heat fluxes are modeled according to Fourier’s law for all temperatures. Finally, the source
terms of the species conservation equations are modeled using a standard finite-rate chemistry model for
reacting air in conjunction with Park’s two-temperature model to account for thermal nonequilibrium effects
on the reaction rates.

Numerically, the code has the capability to handle meshes containung any mix of hexahedra, tetrahedra,
prisms and pyramids in 3D, or triangles and quadrilaterals in 2D. Numerical fluxes between the cells are
discretized using a modified Steger-Warming Flux Vector Splitting which has low dissipation and is appro-
priate to calculate boundary layers. A point or line implicit method is used to perform the time integration.
The code has been extensively validated against experimental data, and has also been compared to other
similar codes such as NASA Ames’ DPLR!” and NASA Langley’s LAURA.!8

To account for the coupling between the flow field and the material response, ablation is added to the
CFD code; therefore, a modification to the surface boundary condition is necessary. The physical values at
the wall are obtained by solving the conservation of momentum:

Pnc + pncvic = Pw (Pw’ Tw) + pwvi;
as well as the species surface mass balance equation:

waws% =1m (qu - sz)

an
The surface energy balance equation is not solved in the present work as the wall temperature, blowing rates
and blowing species are imposed and not calculated.
Once values are computed for the primitive variables, the conservative quantities in the ghost cells of
the boundary are set such that the flux across the wall is the required blowing flux. This blowing boundary
condition has been tested over a wide range of blowing rates, assuring the robustness of the implementation.
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Following the same methodology for the verification and validation of NASA Ames’ DPLR code!? and NASA
Langley’s LAURA code,? the blowing boundary of LeMANS has also been verified and validated.”>2!

III. Chemistry models

A. Park’s model®

The first model used in the present comparison has been developed by Park in 2000. It uses 20 species and is
largely based on the 11 species air model combined with parts of a reaction mechanism used for Mars entry.
Although the model is numerically fast, as it only includes 23 reactions (5 dissociations reactions), it lacks
species that might be important at certain re-entry conditions and TPS surfaces, such as O; and HCN.
Certain key reactions, such as NO and Cjs dissociation, were also not included. However, the model offers a
complete and comprehensive set of data, such as collisional cross sections, surface reactions and equilibrium
constant curve fits. The 24 reactions of this model are listed in Table 1 and the 20 species are:

Cv Ov Na H, CO, CZa N2a CNv NO, 027 H27 C37 C2H7 C+7 O+a H+a N+a NO+, N;a eiv

Table 1: Reactions for Park’s 20 species chemistry model

# Reactions Reference # Reactions References

1 Ng + M = 2N + M Ref. 22 2 O + M =20+ M Ref. 22
3 Co+M=2C+ M Ref. 23 4 CN+M=C+N+M Ref. 23
5 Ho + M = 2H + M Ref. 24 6 N+e =Ntte +e” Ref. 22
7 O4+e =0T4+e +e” Ref. 22 8 CH+e =CT+e +e” Ref. 8
9 H+e =Ht+e +e” Ref. 8 10 Ny + O = NO + N Ref. 25
11 NO + 0O =02 +N Ref. 26 12 CO4+C=0Cy+0O Ref. 23
13 CO+0=02+C Ref. 23 14 CO+ N=CN+ O Ref. 23
15 Nz + C = CN + N Ref. 23 16 CN 4+ O = NO + C Ref. 23
17 CN+C=Cy +N Ref. 23 18 CO 4+ Cy = C3 + 0O Ref. 8
19 Cs + N = CN + Cy Ref. 8 20 Cs3 +C=Cy + Cy Ref. 8
21 CoH + H = Cy + Hso Ref. 8 22 O + N = NOt 4 e~ Ref. 22
23 N+N=NJ +e” Ref. 22

B. Abe’s model®

The second model studied here was created for the pre-flight analysis of the MUSES-C (now called Hayabusa)
re-entry vehicle,” and uses 26 species and 50 reactions (12 dissociations). A key issue with this model is that
it is mainly based on rates that date from the late 1960s to the late 1980s.27-31 It also lacks certain species
that are important at some flight conditions of high-speed carbon-phenolic TPS entries, such as HT. The
reactions of this model are listed in Table 2, and the species are:

C7 Oa N, Ha CO7 CZ» N?a CHa CN? NO, 027 H27 COQ 7033 CZH

HCN, HCO, CoH,, CT, O, N*, NOT, N, COT, OF, e~

Table 2: Reactions for Abe’s 26 species chemistry model

# Reactions Reference # Reactions References
1 Oy +M=20+M Ref. 27 2 No +M = 2N + M Ref. 27
3 NO+M=N+O0+M Ref. 27 4 NO + O = O3 + N Ref. 27
5 Ny + O =NO + N Ref. 27 6 N+ O = NOt + e~ Ref. 27
7 O+0=0f +e" Ref. 27 8 O+ 0f =0, +0F Ref. 27
9 Ny + N = N + N2+ Ref. 27 10 N+ N=NJ +e” Ref. 27
11 Oz + N3 = NO + NOT + e~ Ref. 27 12 NO+M=NO" +e +M Ref. 27
13 O + NOT = NO + O* Ref. 27 14 Ny + Ot = 0 + Nf Ref. 27
Continued on next page
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Table 2 — continued from previous page

# Reactions References # Reactions References
15 N + NOT = NO + O* Ref. 27 16 Oz + NOT = NO + Of Ref. 27
17 O + NOT = Oy + N* Ref. 27 18 N+e =Nt fe +e” Ref. 27
19 O+e =0t +e +e” Ref. 27 20 CO, + M=CO+0+M Ref. 28
21 CO+M=C+0+M Ref. 28 22 Co+M=2C+M Ref. 29
23 C3+M=C+Cy+M Ref. 29 24 CN+M=C+N+M Ref. 29
25 Ny + C=CN + N Ref. 29 26 CO+N=CN+O Ref. 29
27 COs + N=CN + O Ref. 29 28 Ny + CO = CN + O, Ref. 29
29 CO + NO = CO3 + N Ref. 29 30 CO2 + O = CO + Oy Ref. 29
31 CO 4+ CO = COs + C Ref. 29 32 CO+0=02+C Ref. 29
33 CO + N =C + NO Ref. 29 34 CN 4+ O = C + NO Ref. 29
35 CO 4+ CO = Cy + 02 Ref. 29 36 CO+C=Cy+ 0O Ref. 29
37 Cya+CO=C3+0 Ref. 29 38 Cs3+C=0Cy + Co Ref. 29
39 CN 4 Hy = HCN + H Ref. 30 40 Hy + M =2H+ M Ref. 31
41 HCO + M =H + CO + M Ref. 31 42 HCO + H = CO + H, Ref. 31
43 CyHy + M =CoH+H+ M Ref. 31 44 CyHy + H = CyH + Hy Ref. 31
45 CyHy + Oy = HCO + HCO Ref. 31 46 CoH + Oy = HCO + CO Ref. 31
47 CoH + O = CH + CO Ref. 31 48 CH 4 Oz = HCO + O Ref. 31
49 C+ 0 =COt +e” Ref. 31 50 C+e =Cp+e +e” Ref. 31

C. Olynick’s model'®

The third model studied here was created for the pre-flight analysis of the Stardust re-entry vehicle,'® and
uses 18 species and 22 reactions (9 dissociations). This model was build for efficiency, and therefore lacks
important air species (the ionized diatomic molecules). The reaction rates used for the impact ionization
reactions are also outdated, as are some of the carbon chemistry rates. The other drawback is that the
model lacks almost any hydrocarbon chemistry, with only two equations involving the element H. Finally,
most of the rates involving carbon species are taken from a model built and validated for the atmospheric
conditions of Mars,?® which are not the same temperature and pressure ranges as carbon-phenolic-in-air
surface ablation. The reactions of this model are listed in Table 3, and the species are:

C, O, N, H, CO, Cy, Ny, CN, NO, Oq, Hy, CO; ,C3, HCN, CT, O, Nt e~

Table 3: Reactions for Olynicks’s 18 species chemistry model

# Reactions Reference # Reactions References
1 CO2 + M=CO+ 0+ M Ref. 23 2 CO+M=C+0+M Ref. 23
3 Ny + M = 2N + M Ref. 23 4 Oz + Ny = NO + NOV + e~ Ref. 23
5 NO+M=N+O+M Ref. 23 6 Co+M=2C+M Ref. 23
7 C3+M=C+Cs +M Ref. 32 8 CN+M=C+N+M Ref. 23
9 Hy + M =2H + M Ref. 33 10 NO + O =03+ N Ref. 23
11 Ny + O = NO + N Ref. 23 12 CO+0=03+C Ref. 23
13 CO2 + O = CO + O3 Ref. 23 14 CO+C=0Cs+ 0O Ref. 23
15 CO+N=CN+ O Ref. 23 16 N + C=CN + N Ref. 23
17 CN 4+ O = C + NO Ref. 23 18 CN+C=0Cs +N Ref. 23
19 HCN + H = CN + H» Ref. 30 20 C+e =Cp+e +e Ref. 34
21 N+4+e =N 4+e +e Ref. 34 22 O+e =0" +e +e Ref. 34

D. Model comparison

In order to evaluate the three models, a CFD test case is run using the forebody of the Stardust return
capsule, 48 seconds into re-entry (a few seconds before peak heating).> This test case is chosen because
uncoupled ablation calculations show a high blowing rate and a diverse representation of blowing species, as
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detailed in Ref. 11. The flow and surface parameters are presented in Tables 4 and 5, respectively, and the
geometry and mesh in Fig. 1. To simplify the simulation, the flow is considered to be axisymmetric, and
the wall temperature and blowing rates are applied uniformly on the surface. Gibb’s Free Energy is used to
calculate the equilibrium constants needed for the backward reaction rates, and the transport properties are
calculated from Lennard-Jones potentials, using CHEMKIN,?¢ to produce individual species temperature
dependant viscosity curve fits.
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Figure 1. Geometry and mesh of the Stardust re-entry capsule, used for the chemistry model comparison

Table 4. Free stream condition for the 48s trajectory point of the Stardust re-entry

Uso Ts Poo YN, Yo,
fm/s] (K] [kg/m?)
11.414  230.8 1.4099 x10~* 0.7635 0.2365

Table 5. Wall condition at stagnation for for the 48s trajectory point of the Stardust re-entry

Tw M Y, Yco Yo, Yo, Yon Y,
K]  [kg/m®/s]
3343.2 0.07277 0.4670 0.3200 0.0752 0.0489 0.0467 0.0419

Model comparisons and validations without ablating species

As an initial comparison, Fig. 2 presents a comparison between the two de facto models used in CFD,
the 5 and 11 species models devised by Park, as well as the three ablation chemistry models studied here.
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Except for the 5 species model, which is not expected to be valid at these conditions, all other models
are in good agreement, although noticeable differences are present in the boundary layer, as well as in the
shock structure. The 5 species model and the 11 species model labeled as Curve fits uses Park’s equilibrium
constants curve fits for the equilibrium constants. Figure 3 shows that the model are in good agreement
when heat fluxes are compared; even the 5 species model gives accurate results.
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Figure 2. Stagnation line temperatures for different chemistry models

Park’s 20 species model

Figure 4a) presents the stagnation line temperatures using the 20 species model. As expected, the flow is
strongly nonequilibrium. Figure 4b) shows the air species number density on the stagnation line, as it goes
through the shock. This particular test case has the flow highly ionized, which indicates that 02+ should
be present to better evaluate the shock. However, this species becomes insignificant post shock. Figure 4c)
shows the non-air species on the stagnation line, as 4d) shows the same species in the region near the wall.
It can be seen that all molecules are rapidly dissociated, and that the atoms are ionized as they enter the
post-shock region. It is also interesting to note that the C, molecule is present in a very limited amount,
even if it is very important as it provides the main reaction path to decompose Cs into C. It is, however,
surprising to see that C'3 remains at such high values; the fact that this molecule is not allowed to dissociate
is the main reason why. The only path available to reduce C3 is by exchange reactions with atomic species,
which are not efficient at these conditions. One interesting phenomenon to observe is the rapid ionization of
C and H. These two species are not blown from the surface, and are therefore created by the dissociation of
the larger molecules. As they are created, they immediately start to become ionized before being convected
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Figure 3. Surface heat flux for different chemistry models

away.

Abe’s 20 species model

The results for the 26 species model are presented in Fig. 5. Compared to the results obtained with Park’s
model, the boundary layer composition of this model shows the expected behavior, as the larger molecules
are quickly destroyed. This behavior is due to the inclusion of more dissociation reactions (12 instead of 5).
The rapid dissociation of both C3 and CoH, two molecules injected at the surface, is quite evident in Fig.
5¢). It is also interesting to note that CoHy and COq are immediately created at the surface, but rapidly
disappear as they move away from the surface. Figure 5f) also shows that excluding CO™ might not be a
bad assumption, in this particular case, as the number density never reaches a significant value, even though
C and O (the species needed to create CO™) are present in great quantity. The same conclusion cannot be
drawn for HCO as this molecule could provide important reaction paths to other molecules. As for HCN,
even if this particular test-case does not include it as a blown species, equilibrium composition study shows
that it can be an important product of carbon-phenolic decomposition.!! The same graph also shows that
CH is an important molecule to account for, as it is rapidly created and becomes stable in the boundary
layer. It is to be noted that CH dissociation is not included in the nodel, and that could explain why the
species is not decomposed immediately.

Olynick’s 18 species model

In order to be able to run this particular model in LeMANS, the electron impact ionization rates are changed
to the ones calculated and used by Park.?? The results along the stagnation streamline in the post shock
region and the boundary layer are presented in Fig. 6. Even though dissociation reactions are present, the
large molecules are not immediately reduced, similar to Park’s model. Cy because of the inclusion of its
formation reaction appears in greater density, but not as much as with Abe’s model. As with the other
models, the atomic species are dominating near the wall. HCN is not present on the plot, as the only
chemical reaction that involves it is more prone at reducing it than creating it, at these conditions. It is to
be noted that CoH appears in unusually high quantity; the reason is that this molecule is not included in the
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Figure 4. Stagnation line results for the Stardust return capsule at 48s into re-entry, using Park’s 20 species
chemistry model
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chemistry model, and therefore is non-reacting. Finally, we also point out that, as is the case with Park’s
model, this one also does not include CH, which, as shown in the Abe model, can be an important species.
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Figure 6. Stagnation line results for the Stardust return capsule at 48s into re-entry, using Olynick’s 18 species
chemistry model

Heat flux

An important aspect of the analysis is the evaluation and comparison of the heat fluxes. As was shown for
the same geometry,'? ablation reduces significantly the overall heat flux to the surface. The total convective
heat flux, which includes conduction and mass diffusion, is presented in Fig. 7a). The discrepancy between
models is quite significant, especially between the Abe model and the other two. Figures 7b) to d) show the
individual components of the convective heat fluxes. It is not surprising to see that the 18 and 20 species
models are nearly identical as they share most of their sources for the kinetic rates. It is interesting to
see that, even though the boundary layer composition is very different, which is expected to impact the
mass diffusion heat transfer, it is mainly the translation-rotation conductive heat fluxes that are different.
In this particular case, it would be interesting to fully decouple all temperatures to properly evaluate the
contribution of each mode.

The radiative heat fluxes are also evaluated. Certain species present in the boundary layer are strong
radiative emitters, and are expected to significantly contribute to the overall radiative emission to the
surface. The calculation is performed along the stagnation line of a converged flow field solution, using the
non-equilibrium radiation code NEQAIR. (version 99d).3” Apart from the usual air species, the emission
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from the species listed in Table 6 is included. The heat flux is calculated by considering the emission at
wavelengths between 200 and 1000 nm.

The results are summarized in Table 7. The radiative flux, when the hydro-carbon species are included,
is significantly increased for the 18 and 20 species models. However, because the convective heat fluxes are
greatly reduced, radiation is now contributing more to the total heat flux for all three models. It is also
important to note that the differences in radiative heat flux are quite pronounced, especially when comparing
the 26 species models and the other two. This behavior is expected as the 18 and 20 species model are very
similar. Considering this important increase in radiative heat flux, further study of the reaction mechanisms
is required.

Table 6. Emission mechanisms considered for the radiative heat flux, excluding the air species

Species Mechanism
CN Violet (B'S — X'%)
Cco 4+ (A'TT - X'%)
Cs Swan (d®TI — aTI)
Ho Lyman (B'S - X'%)
Ho Werner (Cll_[ - XlZ)
H, BY - X'®

Table 7. Radiative heat flux for the different chemistry model at wavelengths between 200-1000 nm

No-ablation Ablation
Convective Radiative % of total flux | Convective Radiative % of total flux
20 species | 1070 W/cm?®  11.9 W/cm? 1.10 % 420 W/em?  61.7 W/cm? 12.8 %
26 species | 1070 W/cm?  18.4 W/cm? 1.69 % 309 W/em?  21.9 W/cm? 6.25 %
18 species | 1070 W/cm?  12.7 W/cm? 117 % 420 W/em?  52.6 W/cm? 11.1 %

IV. New chemistry model

The previous results show that there is a need to develop an exhaustive, validated and properly reduced
chemistry model for ablating carbon phenolic in air. Steps in this direction have already been taken, with the
recent publication of such a model.'' The model is constructed by carefully selecting the species important
to carbon-phenolic ablation in air, finding all the associated reactions, and then reducing the model by using
sensitivity analysis. The set of reactions and species is then validated by comparing to experimental data
and to a complete model using flight-like conditions. An example of the latter is presented in Fig. 8; the
species concentrations overlap, and no difference is observable for the important species. The reduced model
is composed of the following 37 species:

CQH7 C2H21 C37 CH37 CH47 COa 0027 Ha HQa H207 HCNa N7 N27 NO7 Oa 027 OHa
No*, N*, O*, NO*, O, CO*, CT, H" e™,
CH, CH,, C, Cy, NCO, NH, HNO, HCO, H,05, HO,, CN

and uses the 152 reactions listed in Ref. 11.

This reduced model, however accurate, remains too large to use in a CFD code. In order to further simplify
it, a CFD sensitivity analysis needs to be performed. For instance, the DAKOTA sensitivity analysis and
uncertainty quantification software®® could provide the appropriate framework to analyze and quantify the
impact of each reaction and species on the flow field. It is expected that a model comprising 32 species and
120 reactions could be obtained.
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V. Conclusion

As part of a continuing project to improve heat and ablation rate modeling on hypersonic re-entry
vehicles, an evaluation of three published carbon-phenolic-in-air chemistry models was performed, using
a representative and very extreme trajectory point of the Stardust re-entry vehicle. The results showed
enormous discrepancy in the boundary layer composition as well as in the convective heat flux. Radiative
heat flux proved also to be affected by the choice of model. The discrepancy between the results clearly
shows the need to develop a more comprehensive chemistry model that would still be efficient enough to run
in a hypersonic CFD code.
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