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Accurate thermodynamic properties for species found in carbon-phenolic gas mixtures are essential
in predicting material response and heating of carbon-phenolic heat shields of planetary entry vehicles.
A review of available thermodynamic data for species found in mixtures of carbon-phenolic pyrolysis and
ablation gases and atmospheres rich with C, H, O, and N such as those of Earth, Mars, Titan, and Venus,
is performed. Over 1200 unique chemical species are identified from four widely used thermodynamic
databases and a systematic procedure is described for combining these data into a comprehensive model.
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Ablation database developed by NASA in order to quantify the differences in equilibrium thermodynamic
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mixture thermodynamic properties as an objective function is developed to generate reduced species
sets for a variety of temperature, pressure, and elemental composition spaces. It is found that 32 and
23 species are required to model carbon-phenolic pyrolysis gases mixed with air and CO,, respectively,
to maintain a maximum error in thermodynamic quantities below 10%.
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1. Introduction to protect the nozzle walls from the high temperature gaseous

combustion products. A specific class of lightweight, composite ab-

In the wake of the Apollo program and multiple atmospheric
entries on other planets and moons, the next two space explo-
ration challenges, in terms of aerothermodynamics, are robotic
sample return missions and the human exploration of Mars. Many
achievements in atmospheric entry science have been made since
the 1960s, but prediction of the heat flux at the surface of the
spacecraft remains an imperfect art.

Ablative thermal protection systems (TPS), like those recently
used on the successful Mars Science Laboratory (MSL) and Star-
dust missions, dissipate the extreme convective and radiative heat
fluxes imposed on hypersonic entry vehicles through thermal de-
composition of the thermal protection material (TPM). Ablative
TPMs have also been used in the design of solid rocket nozzles
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lators were developed at NASA Ames Research Center (ARC) in the
1990s in an effort to improve on the existing TPMs [1,2]. In gen-
eral, these materials are composed of low density, fibrous carbon
substrates impregnated with an organic, polymeric resin. Examples
designed for high-enthalpy atmospheric entry include phenolic im-
pregnated carbon ablator (PICA, developed at NASA ARC in the
1990s and first used on the Stardust forebody heat shield, launched
in 1999) [1-3], ASTERM (a PICA-like material under development
by Astrium through ESA, starting in the early 2000s) [4], and PICA-
X3 (a PICA-like material developed by NASA for SpaceX). Sharpe
and Wright [5] provide a review of materials used for applications
in extreme environments from the 1960s until the present.

The accurate characterization and modeling of these TPMs is
crucial for the safe design of TPSs and rocket nozzles. Although this

3 PICA Heat shield, http://www.spacex.comn/news/2013/04/04/pica-
heat-shield, accessed May 4, 2016.
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Vs isentropic exponent

0 density, kg='m—3

S set of species indices
Subscripts

c char

e boundary layer edge

g pyrolysis gas

i,k element

j species

r reduction space

S species subset

w wall

Superscripts

e elemental quantity

resin resin quantity

S computed using species in S
) evaluated at standard-state p
Acronyms

ATcT Active Thermochemical Tables

CEA Chemical Equilibrium with Applications

JANAF  Joint-Army-Navy-Air Force

NASA  National Aeronautics and Space Administration
NIST National Institute of Standards and Technology
PAH Polycyclic Aromatic Hydrocarbons

PICA Phenolic Impregnated Carbon Ablator

TN Thermochemical Network

TPS Thermal Protection System

has been an active field of research since the 1960s [6-19], state of
the art modeling tools used for high-enthalpy aerothermodynamic
predictions leave room for improvement, and prediction uncertain-
ties remain as high as 60% for laminar convective heating [20-23].
These uncertainties force TPS designers to include significant safety
factors when determining the TPS thickness, adding unnecessary
mass to the vehicle design which in turn increases propellant mass
and decreases mass available for scientific payloads.

Ablation phenomena have been described previously in great
detail, and many of the modeling issues and uncertainties that
are associated with ablation have been reviewed in previous
works [24-33] and are summarized below. In general, the virgin
TPM is primarily affected by two physical phenomena. The first,
known as pyrolysis, refers to the thermal decomposition of a phe-
nolic resin. At high temperatures, phenolic resin is progressively
carbonized into a lower density carbon, known as char. Approx-
imately 50% of the resins’ original mass is converted to the gas
phase [16,34]. Pyrolysis gases are then transported out of the heat-
shield by diffusion and convection through the porous carbon fiber
substrate. The chemical composition of the high temperature py-
rolysis gas evolves as it flows through the porous carbon fiber
structure, and will eventually mix and continue to react with the
surface ablation products and the atmospheric gases.

The second phenomenon, surface ablation, refers to mass re-
moval in a thin volumetric layer of carbon fibers near the surface
of the heatshield through heterogeneous chemical processes, in-
cluding oxidation, nitridation, and sublimation. Surface ablation
occurs in both non-charring materials, such as carbon/carbon abla-
tors, and in charring ablators, such as carbon-phenolics. Charring
ablators will be focused on in this work.

Determining the chemical composition of the gas close to the
surface of an ablative heatshield is necessary to accurately pre-
dict the surface heat flux. Many material response codes assume
that the gas mixture near the surface of the heatshield is in ther-
modynamic equilibrium (see [35] for a summary of ablation code
capabilities), and this paper will remain consistent with that as-
sumption. An analysis of finite-rate kinetics related to the gas mix-
ture is outside of the scope of this work. Equilibrium compositions
are dependent entirely on the underlying thermodynamic data for
the species considered. To the authors’ knowledge, a detailed re-
view of thermodynamic data for carbon-phenolic gases has never
been performed and no consensus exists concerning which species
should be considered in these mixtures.

The primary goals of this work are to a) provide a detailed
review of available thermodynamic data for species relevant to
the simulation of the material response of carbon-phenolic TPMs,
subjected to high-enthalpy flows, b) compile a detailed thermo-
dynamic database based on this review, and c) develop reduced
species sets suitable for the accurate calculation of mixture ther-
modynamic properties over the range of temperatures, pressures,
and elemental compositions of interest to TPS designers. The pa-
per is organized in several parts. In the following section, a review
of experimental and theoretical elemental compositions relevant to
carbon-phenolic TPMs is performed in order to define the elemen-
tal composition space of interest in this work. Next, a review of
thermodynamic data sources is presented along with a methodol-
ogy for combining each data source to form an extensive thermo-
dynamic database for carbon phenolic-gases, placing an emphasis
on the consistency and quality of the data. The database is then
compared to the commonly used CEA [36] database and the rel-



J.B. Scoggins et al. / Aerospace Science and Technology 66 (2017) 177-192 179

evant differences are discussed. Finally, a novel species reduction
procedure is presented and used to create several reduced species
sets which are guaranteed to provide accurate mixture thermody-
namic properties over the entire temperature, pressure, and ele-
mental composition space of interest.

2. Constraints on the thermodynamic database

In this work, we have limited the set of species considered to
those which contain the elements C, H, O, and N, because of their
relevance to typical atmospheric ablation problems. The addition of
minor species such as Ar or Si compounds will not be considered
here in an effort to limit the scope of this work. In this section
we discuss other constraints placed on the database, including the
necessary thermodynamic properties and elemental composition
space.

2.1. Equilibrium thermodynamic properties

For a gas phase mixture composed of the species in set S, the
total molar Gibbs energy is defined as

GEij(H]-(T)—TS;?(T)—i-RuTln%), 1)
jes

where xj, pj =x;p, Hj, and S‘J? are respectively the mole fraction,

partial pressure, molar enthalpy, and molar standard state entropy

of species j. For a given temperature T, pressure p, and elemental

mole fractions x{, the equilibrium composition of a gas mixture is

determined when Eq. (1) is minimized according to the following
mass balance constraints,

N

FZBj,’Xj:Xf, Vie€&, (2)
jesS

where Bj; represents the number of atoms of element i belonging

to species j. Using the Lagrange multiplier technique, the con-

strained minimization problem is easily converted to a nonlinear

system of the form

xj=exp (—Hj(M)+TS5M—R,TIn 2+ 3" 3iBji), Vjes,
ief

(3)

where the Lagrange multipliers, X;, have been introduced. Substi-
tuting Eq. (3) into Eq. (2), and enforcing that species mole fractions
sum to unity, yields a nonlinear system of n€ +1 equations and as
many unknowns. This system can then be stably solved via the
Gibbs function continuation method developed by Pope [37] and
recently generalized to any number of ideal phases by Scoggins
and Magin [38].

Typically, mixture thermodynamic properties are most readily
used on a per mass basis. For a given equilibrium composition, the
mixture enthalpy, entropy, and energy per mass are

h=2 yihi(D, (4)
jes
s:Zyj[s;(T)—lenp—i], and (5)
jes p
e=h—L, (6)
yol

respectively, where the mixture density is given by the Ideal Gas
Law, p = pM/RyT, and M = ZjeS xjM; is the mixture molecular
weight. Mixture specific heats are defined as

cp= (%)p :J-Ezsyfcp,f +jezsh"(aayrj)p’ 7

ade
R RGN [E T
v 0 ap/T\3p/T |\dT/p
The first summation in Eq. (7) is referred to as the mixture
“frozen” specific heat because it is the cp of a frozen mixture,
whose composition is fixed. The second summation is named the
“reactive” cp as it accounts for the change in the composition
with respect to temperature through reactions at equilibrium [39].
Note that the mass fraction derivatives in Eq. (7) may be obtained
analytically by relating them to mole fraction derivatives and dif-
ferentiating Eq. (3). The partial derivatives on the right hand side
of Eq. (8) are readily obtained by differentiating Eq. (6) along with
the Ideal Gas Law. The equilibrium speed of sound is

-1
?=(2),=1(2)," =nL,
p/s op/T Y
where y =c,/cy is the equilibrium specific heat ratio and y; is
the isentropic exponent.
Finally, pure species enthalpies and entropies are related to
their specific heats via the molar thermodynamic relations

T

Hj(T)=/Cp,j(T)dT+Hj(T°), (10)
TO
T
ST = / S0 M g7 4 o7y, (11)
T ]
TO
Therefore, at a minimum, a thermodynamic database must pro-
vide species specific heats at constant pressure, Cp j(T), and the
standard-state species enthalpies and entropies from Eq. (10) and
Eq. (11). With that information, the equilibrium species mole frac-
tions can be determined by minimizing the Gibbs free energy
of the system, given temperature and pressure and an elemental
composition, which allows the computation of mixture equilibrium
thermodynamic properties.

Cy

2.2. Elemental composition space

As described in the previous section, the thermodynamic prop-
erties of a mixture in local thermodynamic equilibrium (LTE)
strongly depend on the elemental composition of the mixture. For
gases flowing in and around an ablating and pyrolyzing carbon-
phenolic TPM during atmospheric entry, the local elemental com-
position depends strongly on the time-dependent material re-
sponse of the ablator and trajectory of the entry vehicle. In general,
the elemental composition of the gas will be a mixture of the at-
mosphere and pyrolysis and ablation product compositions.

2.2.1. Atmospheric compositions

In this work, only the atmospheres of Earth, Mars, Venus, and
Titan are considered since their elemental compositions are domi-
nated by carbon, hydrogen, oxygen, and nitrogen. Table 1 provides
a summary of the species and element compositions (by mole) for
each of these atmospheres. Note that Mars and Venus are both
nearly 96% CO, by mole, indicating that their equilibrium ther-
modynamic properties may be approximated by a pure CO, gas.
Similarly, Titan’s atmosphere is mostly (98%) Nj, allowing it to
be approximated by a pure N; gas. While these approximations
are sufficient for describing the mixture equilibrium thermody-
namic properties of these atmospheres, they may not be sufficient
for describing other phenomena of interest such as radiative heat
transport. However, such phenomena are beyond the scope of this
work and are not considered here.



180 J.B. Scoggins et al. / Aerospace Science and Technology 66 (2017) 177-192

Table 1

Nominal molar compositions of major species and elements for the atmospheres considered in this work.
Atmosphere Percentage of Major Species Element Fractions® Ref.

N2 02 C02 CH4 H2 Ar C H 0 N

Earth 78.1 209 - - - 0.9 - - 0.211 0.789 [40]
Mars 1.9 - 95.9 - - 2.0 0.327 - 0.653 0.020 [40]
Titan 98.4 - - 14 0.2 - 0.007 0.029 - 0.964 [41]
Venus 35 - 96.5 - - - 0.325 - 0.651 0.024 [40]

2 Ar element fractions have been added to N.

(a) Linearly-linked resin (C,HgO).

(b) Fully-linked resin (C,5;H;,0,).

Fig. 1. Molecular structures of idealized phenolic resins. Blue bond-lines indicate the repeated structure in the resin and “R” indicates the structure repeats. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2.2. Pyrolysis and ablation product compositions

The pyrolysis gases formed during the thermal decomposition
of a phenolic resin are strongly dependent on the molecular struc-
ture of the original polymer and the local temperature at which
decomposition occurs. A recent review of the thermal decompo-
sition process has been made by Rabinovitch [42] and is summa-
rized here. Phenolic resins are generally formed through a poly-
condensation reaction which occurs when a combination of phenol
(CgH50H) and formaldehyde (CH20) are heated in the presence of
a catalyst. When excess formaldehyde is present in the mixture,
a basic (alkaline) catalyst is used to promote cross-linking of the
polymer through ethylene bridges, forming a novolac resin. When
there is an excess of phenol, a resole type resin is produced in the
presence of an acidic catalyst. Depending on the formaldehyde to
phenol ratio, reaction temperature, catalyst, reaction time, and dis-
tillation amount, a wide variety of phenolic resin structures may
be obtained, with various degrees of cross-linking and impurities.
Fig. 1 shows the polymer structure of two idealized examples of
a phenolic resin (without impurities) that may be produced. The
linear polymer represents a minimal amount of cross-linking and
has a repeated stoichiometry of C;HgO, while the fully cross-linked
polymer can be characterized by a stoichiometry of C15H120,. Typ-
ical polymer structures fall somewhere in between these idealized
cases due to incomplete cross-linking and the presence of impuri-
ties embedded in the resin, such as nitrogen [43].

A significant number of experimental studies have been per-
formed to characterize the thermal decomposition of various types
of carbon-phenolic resins and TPS. In particular, several impor-
tant studies have measured the composition of the pyrolysis
gases produced versus temperature for various materials, includ-
ing novolac [16] and resol [44] resins, carbon-phenolic [45], and
PICA [46,47]. Fig. 2a compares the elemental pyrolysis gas compo-
sitions versus temperature measured in these studies. While some
variability in the compositions exists, the thermal decomposition
of a phenolic resin can generally be described in three temperature
regimes. Between 300 °C to 600 °C, small molecules which are not
linked to the bulk polymer (left over from resin formation) are al-
lowed to escape. In addition, ether and nitrogen linkages begin to
break, forming a mixture of aldehydes, cresols, and azomethines.

The most significant pyrolysis gas formed in this stage is typically
water. From 600 °C to 900°C, the bulk of the pyrolysis gases are
formed. A significant shrinkage of the polymer occurs due to the
creation of carbon-carbon bonds between aromatic rings, forming
a polyaromatic char. Several gases may be formed in this range,
such as Hj, CHg, Hy0, CO, CO,, and volatile aromatics such as
phenol (CgHs0H) and benzene (CsHg). Finally, above about 900 °C,
dehydrogenation further shrinks the polymer forming mostly H;
and other small noncarbonacious molecules.

The formation of the polyaromatic char during the pyrolysis of
a phenolic resin ensures that the pyrolysis gas composition is not
the same as the composition of the virgin resin. In addition, be-
cause the pyrolysis process occurs in several stages, the pyrolysis
gas composition is not expected to be constant throughout the TPS
material. Nevertheless, it is often sufficient to assume that the char
is composed purely of carbon atoms [30] and treat pyrolysis as a
single step reaction of the form:

pyrolysis
_—

CaHpOc (resin) CoHpOc (gas) + Ca—q) (char), (12)

where the amount of carbon produced in the gas phase is related
to the total char yield x of the reaction via,

X resin aMc
o =a(l — —— s = . 13
() =a( yrcesm) s aMc +bMy +cMg (13)
The char yield of a given resin is defined simply as
mass of charred resin
= (14)

mass of virgin resin

The condition that o(x) > 0 implies the maximum char yield
for any resin (assuming a pure carbon char) is the carbon mass
fraction in the virgin resin, 0 < x < yl&esm. Therefore, the theo-
retical maximum char yields of linear and fully-linked polymers
(see Fig. 1) are 79.2% and 80.4% respectively. Typical char yields
of real carbon-phenolic TPS materials range between 50% to 65%.
For example, the elemental mole fractions of {C:H:0} = {0.229:
0.661 : 0.110} have been used extensively to model the pyrolysis
gas from carbon-phenolic TPS materials which corresponds to a
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(b) Compositions projected onto the C-H-O mole fraction
plane. When other elements belong to a composition, they
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Earth
(78.1% N, 0.9% Ar)

Fig. 2. Summary of elemental compositions for various atmospheres and experimental and theoretical pyrolysis gas and char compositions.

char yield of 50% for pure phenol (C¢H50H) or about 56% for a
linear resin [30,48,49].

2.2.3. Effect of mixing

A summary of the various atmospheric and pyrolysis and ab-
lation product compositions discussed above is given in Fig. 2.
Fig. 2b provides a 2-dimensional representation of each compo-
sition by projecting them onto the C-H-O mole fraction simplex
plane, based on the constraint that the mole fractions sum to unity.
The closer a composition is to one of the vertices of the simplex,
the more that composition consists of the element at that vertex.
For example, the compositions of the Martian and Venusian atmo-
spheres are close to that of CO;. Consequently, those compositions
lie on the edge of the simplex connecting C and O, and the dis-
tance to O is half the distance to C.

In reality, the local elemental composition for flows in and
around a carbon-phenolic TPS material will result from the mixing
of the pyrolysis gases, ablation products, and atmospheric gases.
When two gases with different compositions are mixed, the mix-
ture composition will lie on a line between one of the composi-
tions in Fig. 2b. From the figure, it is therefore clear that nearly
the entire C-H-O simplex represents the feasible region of compo-
sitions. Furthermore, because the atmospheres of Titan and Earth
are mostly nitrogen gas, we may also assume that the entire range
of nitrogen mole fractions are possible as well. Indeed, many ex-
perimental investigations use pure nitrogen test gases to limit
oxidation at the surface of the material or to simplify numerical
simulations of the experiments. For these reasons, an equilibrium
thermodynamic database must be valid over the entire C-H-O-N
composition space.

3. Thermodynamic database compilation
3.1. Review of available thermodynamic data

Before presenting the compilation of thermodynamic data, a
short review of the publicly available data used in this work is
presented. The data sources below are widely available and have
been used extensively in the literature. This, however, should not
be considered an exhaustive list.

One of the most commonly used data sources is the NASA
9-coefficient polynomial database of Gordon and McBride [36,
50-52] provided with the NASA Chemical Equilibrium and Appli-
cations (CEA) program [53,54]. In total, the CEA database provides
thermodynamic data for 193 gaseous species containing the ele-
ments C, H, O, and N. The data for the majority of the species
are provided by calculations made at NASA Glenn Research Cen-
ter by Gordon and McBride. The remainder of the species data is
taken from several other sources, namely the thermodynamic ta-
bles of Gurvich et al. [55], the NIST Thermochemical Research Cen-
ter (TRC) tables [56], and the NIST-JANAF thermochemical tables
[57,58]. The thermodynamic data in CEA is presented in the form
of 7-coefficient polynomials for the specific heat of each species
with an additional coefficient for computing the species enthalpy
and entropy (for a total of 9 coefficients) as a function of tempera-
ture at the standard state pressure. While the CEA database is used
extensively, several drawbacks may decrease the overall accuracy
of computations made using its dataset. For example, the database
has been constructed using a range of computational methods and
experimental results, without regard to the consistency of species
enthalpies of formation.

Ruscic et al. [59,60] introduced the concept of the thermochem-
ical network (TN) which relates the species enthalpy of formation
to one another through thermochemically relevant data from liter-
ature. A TN can be used to develop a statistically correlated set of
formation enthalpies across all of the species in the database. This
ensures consistency in the formation enthalpy for each species and
improves the estimated accuracy of each value. Furthermore, a TN
allows new data to be processed easily and provides insight into
which experimental or numerical investigations can most readily
impact and expand the currently available set of thermochemi-
cal information. The Argonne National Laboratory (ANL) maintains
an updated TN published in the Active Thermochemical Tables
(ATCcT) [61] which is considered the most accurate and self con-
sistent source for species formation enthalpies. At the time of this
article, the ATCT comprised of more than 560 species containing
only C, H, O, and N.

While the ATCT provides a set of consistent formation en-
thalpies for many species, it does not provide the additional ther-
modynamic data required to build a useful database. However, Bur-
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Table 2

Hierarchy of thermodynamic databases based on consistency with the ATcT and accuracy of the data provided.
Rank Database No. of species Consistency with ATcT References
1 Goldsmith 219 Full [67]
2. Blanquart PAH data 64 Full [63-66]
3. Burcat 1031 Partial (249) [62]
3 CEA 193 None [36,50-52]

cat et al. [62] currently maintain a vast thermodynamic database
which is linked to the formation enthalpies provided by the ATcT.
In total, it consists of 1031 species with the desired elements,
of which, 249 have been linked to the ATcT. The majority of the
species thermodynamic data in Burcat's database were selected
from a range of sources including CEA and journal articles. In ad-
dition, more than 300 species have been updated based on quan-
tum mechanical calculations using the so called G3B3 methodol-
ogy [62].

Blanquart et al. [63-66] have computed thermodynamic prop-
erties for large polycyclic aromatic hydrocarbons (PAH) for the
study of soot formation. The database currently includes 64 PAH
species ranging from benzene (CgHg) to coronenen (C4H12). Opti-
mized geometric structures of each molecule were obtained using
the B3LYP/6-31++G(d,p) method. Enthalpies of formation were de-
termined using the G3MP2//B3 method with group corrections to
account for systematic inaccuracies and are consistent with ATcT.

Finally, Goldsmith et al. [67] have recently computed highly
accurate thermochemical data for 219 small hydrocarbon species
using the RQCISD(T)/cc-PVooQZ//B3LYP/6-331++G(d,bp) method to
compute electronic energies. Consistency with the ATcT was also
ensured by using a bond additivity correction method which re-
moved systematic errors in the enthalpy of formation of each
species.

3.2. Compilation methodology

In order to compile a composite database from the sources dis-
cussed above, several steps were required.

3.2.1. Species identification

The first step necessary to combine any data is to determine the
exact chemical structure associated with each species in each data
source. This includes a species’ geometrical structure (chemical for-
mula and isomerization) and electronic structure. In general, each
thermodynamic database uses a variety of naming and documenta-
tion conventions to identify a particular species. For the databases
considered in this work, the following conventions were used to
represent the geometrical structure of individual species:

e CAS registry number: The Chemical Abstract Services (CAS)
provides a unique numeric identifier for chemical substances.

e InChl and InChiKey: The International Chemical Identifier
(InChl) provides a unique ASCII expression and its correspond-
ing 27 character hash key (called InChIKey) to identify molec-
ular structures.

e [UPAC name: The International Union of Pure and Applied
Chemistry (IUPAC) provides a standardized naming convention
for molecular structures.

e SMILES string: The simplified molecular-input line-entry sys-
tem (SMILES) provides a line notation for representing geo-
metrical structure of chemical species using ASCII text [68-70].

Several online search engines allow chemical structures to be
searched using the above identifiers including NIST [71], Pub-
Chem [72], and the Chemical Identifier Resolver [73]. For species
data containing one or more of these identifiers, the chemical

structure was determined through one of the listed search en-
gines, and a unique identifier was given to each separate chemical
structure identified in all of the data sources. The remainder of
the species for which no unique identification was given, the ex-
act structure was determined by reviewing the original source of
the thermodynamic data or inferred from other comments associ-
ated with the species in the database. In total, 1257 unique species
(chemical structures) were identified out of the 1507 individual
species records provided in the data sources used.

3.2.2. Hierarchy of thermodynamic data

A hierarchy of thermodynamic data was developed in order to
choose which source of data to use for a species which was avail-
able in multiple databases. Namely, data sources were ranked first,
based on their consistency with the ATcT enthalpies of formation
and then second, based on the accuracy of the thermodynamic
data provided. Based on these criteria, the data sources reviewed
in the previous section are ranked in Table 2.

The Burcat and CEA databases are equally ranked because they
are a conglomeration of several different data sources with no re-
gard to self consistency. If a species was found in both Burcat and
CEA (and not in a higher ranked database), then the data source
with the most recent reference was typically chosen. However, a
species in Burcat which was consistent with ATcT was always pre-
ferred over CEA regardless of the reference.

3.2.3. Treatment of isomers, conformers, and electronic states

Isomers are a collection of species which share the same chem-
ical formula (i.e.: same number of each constituent atoms) but
have different chemical structures. Conformers (or conformational
isomers) share the same chemical structure, but differ in the orien-
tation around one or more bonds. The treatment of isomers varies
between (and often within) thermodynamic databases. Nominally,
all electronic states and conformers should be considered in the
calculation of thermodynamic properties for a given isomer, and
each isomer should be treated as a separate species. However, for
some databases, isomers are grouped into a single species and the
average thermodynamic properties are provided. In other cases,
only a single isomer is considered. In this work, we have chosen
to retain the highest level of information for isomers available for
a particular chemical formula.

The same is true for electronic states of individual species.
Treatment of electronic states typically falls into one of three cate-
gories.

1. Energy of excited states is very high compared to that of the
ground state. These states will have a negligible contribution
to species thermodynamic properties at lower temperatures
and can be neglected. This is particularly true for large species
which are expected to dissociate below the temperature at
which the errors in neglecting excited states becomes impor-
tant.

2. Excited electronic states are close in energy to the ground state
but are expected to follow a Boltzmann distribution. In this
case, the species thermodynamic properties may be treated
as a Boltzmann-averaged ensemble of the ground and excited
states.



J.B. Scoggins et al. / Aerospace Science and Technology 66 (2017) 177-192 183

10
H, (H]
) -:':(‘!_f._ﬁ::':':':-:..,”:::: ::::: _
7. CO Sa
s ‘,’ Maaae - W
X / RSeeae
1 \R

10
I
5 C,H, (acetylene)
g
3]
2
[
Q
z
=

107

CeHg (benzene)
C,oHg (napthalene) ‘:; n
CoH, 1
102 ) = {1, y
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Temperature, K

Fig. 3. Comparison of the mixture equilibrium mole fractions computed with the detailed database (lines) and the CEA database (lines+symbols) for a 10% CO, + 90%
pyrolysis gas mixture at a pressure of 0.1 atm. Square brackets around the species names indicate that the source of data in the detailed database is the CEA data.

3. Excited electronic states are close in energy to the ground
state and cannot be assumed to be in equilibrium with the
ground electronic state. These states are often treated as sepa-
rate pseudo-species. For example, the singlet and triplet states
of C, are often treated separately as they are known to be out
of equilibrium with one another.

As was done with isomers, we have elected to retain all separate
electronic states when available, in place of computing Boltzmann-
averaged properties. Note however, that separating electronic
states in this way has no effect on equilibrium species concen-
trations when all states are summed.

3.2.4. Excluded species

Though thermodynamically viable, some species in the consid-
ered databases matching all of the above criteria were simply not
kinetically viable based on the timescales of interest. In particular,
all linear carbon molecules, C, and C,H for n > 6, and fullerenes
such as Cyq, were excluded from the final database.

The final database consists of 1257 unique species which have
been selected from a total of 1768 entries in the databases dis-
cussed in the previous section. The majority of the species have
been taken from the thermochemical tables of Burcat. 197 are
taken from the work of Goldsmith and 64 others from Blanquart.
The full database is provided in a text file as supplementary mate-
rial to this article.

3.3. Comparison of detailed model with CEA

The new database has been evaluated by comparing equilibrium
mixture properties to that of the CEA database. The mixtures were
chosen to represent typical elemental compositions experienced
during entry into Earth and Martian atmospheres. In particular,
two such compositions are studied: (i) a mixture of 10% CO, with
90% pyrolysis gas by volume is used to represent the boundary
layer of a Martian entry contaminated with pyrolysis gases, and (ii)
a mixture of 10% air and 90% pyrolysis gas to simulate the same
for Earth. The elemental composition for air is given in Table 1

and the pyrolysis gas composition was computed with Egs. (12)
and (13) assuming a pure phenol (CgH50H) resin and a char yield
of 50%.

3.3.1. Equilibrium compositions

Fig. 3 compares the major species mole fractions for the
CO,/pyrolysis mixture at 0.1 atm over a range of temperatures
representative of a typical hypersonic boundary layer, computed
using the detailed database constructed in this work and with the
CEA database. The species whose thermodynamic data source were
taken directly from CEA have been enclosed in square brackets in
order to clearly distinguish which species have been updated. As
can be seen in Fig. 3, there are two significant differences between
the mole fractions computed using this database and CEA. The first
occurs between 1000 K and 1800 K where the concentrations of
CH4 and CyH, computed with the CEA model are much higher.
The carbon contained in these molecules as well as CyHg, naph-
thalene, and benzene in the CEA solution have been replaced by
one large PAH, C32Hq4, which is not present in the CEA database.
This suggests that the solution is trying to maximize the num-
ber of C-C bonds present in the mixture which may indicate that
the mixture is likely to produce condensed carbon (soot) at this
temperature. This phenomena also provides a slight increase in
the H, mole fraction in this temperature region as the number of
C-H bonds decrease. The second significant difference occurs be-
tween about 2500 K and 4500 K. In this region, the new database
predicts a higher C3 concentration while the concentrations of
CH and C, are reduced. Note that in the present work, both the
singlet and triplet electronic states are included for C, whereas
in the CEA database, only the equilibrium composition of Cy is
present.

Fig. 4 shows the major and minor equilibrium mole fractions for
the 10% air + 90% pyrolysis gas mixture under the same conditions
as before. From the figure, it is clear that similar observations may
be made as were discussed for the CO;/pyrolysis mixture.
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3.3.2. Equilibrium thermodynamic functions

The differences in species mole fractions for the compositions
studied in Figs. 3 and 4 have a substantial effect on the mixture
thermodynamic properties as well. Fig. 5 compares the mixture
specific heat at constant pressure, enthalpy, entropy, and specific
heat ratios, at various temperatures and pressures, computed with
the CEA database and the detailed model for the CO,/pyrolysis
mixture of Fig. 3. From the figures, the effect of the addition of
C3yH14 into the database is clearly seen in all the mixture thermo-
dynamic properties at low temperatures. The oscillatory nature of

the specific heat shown in Fig. 5a is due to the reactive ¢, term
from Eq. (7). The peaks in ¢, correspond to the peaks in the mole
fraction gradients at those temperatures and are thus related to
the balance between global reactions taking place as the temper-
ature is increased. From Fig. 5b, the equilibrium mixture enthalpy
is not significantly affected by the improvement in the thermody-
namic database.

A similar comparison is also made for the mixture thermody-
namic properties of the air/pyrolysis mixture in Fig. 6 correspond-
ing to the same conditions as in Fig. 5.
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Fig. 5. Comparison of the mixture equilibrium thermodynamic properties between the detailed database and CEA for an elemental composition of 10% CO, + 90% pyrolysis

gas and pressures of 0.01 atm, 0.1 atm, and 1 atm. Arrow indicates increasing pressure.

3.3.3. Equilibrium surface ablation rates

If one considers a thin control volume over the surface of an
ablating thermal protection system and assumes that the flow
through this volume is steady with equal diffusion coefficients for
each species, then conservation of elements inside the control vol-
ume yields

o= Beyiu+ By Vau+Yen
wk ™ B+ By +1

Vke&, (15)

where the subscripts w, ¢, g, and e refer to wall, char, pyroly-
sis gas, and boundary layer edge properties respectively, and B’ =
m/(peteCp), With Cy the local Stanton number for mass trans-
fer, represents a mass flux nondimensionalized by the boundary
layer edge mass flux. Reference [25] provides more details regard-
ing this control volume analysis. Assume that the gas in the thin
control volume is in equilibrium with the surface of the ablator,
Eq. (15) may be solved simultaneously with the minimization of
the mixture Gibbs free energy at a fixed T, p, and Bfg, and known
boundary layer, pyrolysis gas, and char, elemental compositions, to
compute the elemental mass fractions at the surface of the ablator
yf/vyk along with the non-dimensional ablation rate B. In this sec-
tion, several such computations have been performed to assess the
possible effects of the updated thermodynamic data on surface re-
cession and wall enthalpies as compared to those computed with
the CEA data.

Figs. 7 and 8 present the equilibrium char blowing rates and
wall enthalpies for a graphite char in both CO; and air at 0.1 atm
with varying pyrolysis gas blowing rates. The composition of the

pyrolysis gas is taken to be the same as was used in the pre-
vious comparisons for the sake of simplicity. Char blowing rates
are typically characterized by three distinct regions: i) the re-
action limited regime, ii) the diffusion limited regime, and iii)
the sublimation regime. The reaction limited regime occurs at
low temperatures in which the rate of surface removal reactions,
such as oxidation of the surface, are limited by the available en-
ergy at the surface for promoting the reactions. As the temper-
ature increases, these processes become limited by the amount
of gas phase reactants reaching the surface through diffusion. Fi-
nally, when the temperature is high enough, the surface begins
to sublimate and no longer requires reactants present at the sur-
face. Under the assumption of equilibrium, surface removal cannot
be limited by reactions. However, the diffusion and sublimation
regimes are clearly present in Figs. 7 and 8. The plateaus visi-
ble in the middle temperature range of both figures correspond
to the maximum formation of carbon monoxide by surface oxida-
tion. As the pyrolysis mass flux increases, the available oxygen at
the surface decreases causing this plateau to shift down. A second
plateau is seen in Fig. 8 below about 750 K for B:g, =0 due to the
stable formation of carbon dioxide. Finally, sublimation dominates
above 3000 K.

Fig. 9 shows the relative difference in the computed B| curves
of Fig. 7. The surface recession rate of an ablating heat shield is
simply the mass flux of the ablating char layer divided by the char
density,

ﬁ _ PelleCy

P P B.. (16)
(o (o

Sc =
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Fig. 7. Comparison of equilibrium char blowing rates and wall enthalpies for a pure graphite surface in a CO, atmosphere at 0.1 atm computed with the detailed database
and CEA. The theoretical diffusion limited blowing rate corresponds to a pyrolysis gas mass flux of zero.

Thus, the percent difference between the B/ values shown in Fig. 9
loosely correspond to the difference in surface recession rates
that would be predicted by a material response model using the
database presented here and the CEA database, for an isothermal
surface. As a concrete example, for the conditions in Fig. 7, with
a fixed surface temperature of 3200 K and pyrolysis gas blowing
rate equal to the rate of boundary layer gases diffusing to the sur-

face (B/g =1), the update in the thermodynamic data corresponds
to a 38% increase in the surface recession rate as predicted using
the CEA database. It should of course be noted however, that such
differences will be lessened when a full surface energy balance is
accounted for. In that situation, the temperature is likely to de-
crease slightly to account for the increased blowing rate and thus
make the differences in blowing rate negligible.
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4. Development of reduced models

The full database presented in the previous section provides an
extensive list of more than 1200 species which may be formed
at equilibrium for a wide range of conditions. In practice, many
species in the detailed list have equilibrium concentrations which
provide a negligible contribution to mixture thermodynamic prop-
erties. In general, the computational effort to compute a single
equilibrium composition is small, even when including more than
1200 species. However, the use of equilibrium models in conjunc-
tion with CFD to model the response of thermal protection systems
subjected to high-enthalpy flows may require tens of thousands of
these calculations during the iteration process which can quickly
dominate the CPU cost of the simulation when many species are
considered. For mixtures with constant elemental compositions, ta-
bles of precomputed properties versus temperature and pressure
can be used to virtually eliminate this cost. However, this is rarely
the case for carbon-phenolic mixtures due the mixing of pyrolysis,
ablation, and atmospheric gases, as shown in Sec. 2.2.3.

The goal of the reduction procedure detailed in the following
sections is to provide a reduced set of species out of the full set
which provide accurate equilibrium mixture thermodynamic prop-
erties over the temperature, pressure, and composition range of
interest. Beyond improving the CPU costs of computing equilibrium
properties, the reduced species sets also highlight the most impor-
tant species and can serve as a guide for future thermodynamic

database improvements as well as a starting point for developing
finite-rate chemistry mechanisms for carbon-phenolic mixtures.

4.1. Reduction methodology

Previous model reduction studies for carbon-phenolic ablation
in air have used either mole fraction tolerances for simulated py-
rolysis gas flows in or out of equilibrium [30,74,75] or tolerances
on computed B/ values [76] to trim species from the detailed
model. Typically, these reduced sets are only valid for a limited
number of conditions which were used in the reduction process,
and usually incorporate additional species based on the authors’
best judgment to account for specific reaction dynamics or import
radiators. Such approaches do not take into consideration the mix-
ture thermodynamic properties of the reduced sets, and therefore
risk inaccurate predictions of mixture bulk properties. In addition,
it is difficult to extend these approaches to other gases or condi-
tions of interest such as atmospheres rich in CO». In the following,
a consistent method is proposed which ensures mixture thermody-
namic properties are accurately reproduced by the reduced model
over all conditions of interest. The method is then applied to gen-
erate reduced species sets for all the elemental composition, tem-
perature, and pressure spaces of interest.

4.1.1. Reduction spaces

A reduction space, denoted R, is first defined as the region of
interest in the temperature, pressure, and composition space for
which a reduced species set should be determined. In general, all
reduction spaces are subsets of the following space:

R= {PZ(T,P,X‘E) :T,p.xp eRTVke€&and in:l}.
ke&
(17)

In other words, temperatures, pressures, and mole fractions must
be non-negative with elemental mole fractions summing to unity.
Note for a given point, P, all equilibrium thermodynamic functions
are completely defined.

Three discrete reduction spaces are considered in this work,
though the proposed methodology could be extended to other
spaces as well. Each reduction space uses the same temperature
and pressure distribution consisting of 50 temperatures ranging
linearly from 500 K to 5000 K and 10 pressures varying logarithmi-
cally from 0.001 bar to 10 bar. Three different compositions spaces,
consisting of 1000 composition points, were used to form the three
reduction spaces. Each reduction space then consists of every com-
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(c) R3: Mix of CO, and pyrolysis gas.

Fig. 10. Discrete elemental composition spaces (projected onto the C-H-O simplex) used to generate the reduced models. Color represents nitrogen mole fraction. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

bination of temperature, pressure, and composition, for a total of
500000 discrete points each.

Fig. 10 provides the three sets of elemental compositions used
in this work for generating the reduction spaces. The first set in
Fig. 10a, represents a uniform distribution over the entire C-H-
O-N simplex, which is the most general composition space. The
other two composition spaces limit the compositions considered
to mixtures of air (Fig. 10b) or CO, (Fig. 10c) and pyrolysis gas.
These were generated by creating a uniform distribution of points
inside the hypercylinder which connects the atmosphere and py-
rolysis gas compositions. The diameter of these cylinders was taken
to be 10% of the Euclidean distance between the two compositions
to allow for perturbations due to diffusion to be taken into account
in the reductions.

4.1.2. The thermodynamic error function

Denoting any mixture averaged thermodynamic function, f,
computed with a species set, Sg, at a temperature, pressure, and
composition point, P, as f(P), the maximum error in f using a
species subset, Sg, over the entire reduction space, R, is given by

f(P)— f5(P) ’
fpP)

We now define a thermodynamic error function for a reduction

space R, and species set S;, denoted ®;s, which corresponds to

the maximum error in cp, $h =h(T) — h(T®), and s over the given
reduction space as compared to the full set of species.

Jrs = max (18)

max frs.
fefcp.8h,s)

Ops = (19)
The difference h(T) — h(T°) is used instead of h(T) in order to
prevent the denominator of Eq. (18) from being close to zero at
low temperatures and because &h is strictly positive.

It now suffices to say that the goal of the reduction proce-
dure, for a given reduction space, is to find the smallest species
subset whose thermodynamic error function satisfies a given toler-
ance, 7.

S*d(r) = argmin |Ss|
{Ss : Ops<T}

(20)

In principle, this is a simple task as it is possible to directly com-
pute O given a species set S;. All that is required is to enumerate
all possible combinations of species from the full set, for increasing
subset sizes, until a set that satisfies Eq. (20) is reached. In practice
however, this is a highly intractable problem with the computer
power available today. For example, consider that there are over
1020 possible species combinations of 20 species from a set of 100.
Therefore, an alternate procedure which attempts to find reduced

sets in a reasonable CPU time is described in the next section.
Although the reduced sets are not guaranteed to be “optimal” in
terms of their size with respect to their accuracy, it will be shown
that they are small enough to be used in most applications.

4.1.3. Reduction procedure

To begin, the assumption is made that there exists an ordered
set of species such that the subset created by adding each succes-
sive species in the list generates a smaller thermodynamic error
function than the previous subset, i.e.:

A=1{Aj: 0O, j>0 11 VjeS) (21)

where A; represents the jth species in the list and the subscript j
in O, ; refers to the species subset generated by combining species
1 to j in the list A. Intuitively, this is not a bad assumption, be-
cause in general, adding species to a subset should improve the
overall accuracy. The goal is then to find such an ordered list which
minimizes ®; ; for each j. This is a far simpler problem then
determining the optimum reduction as described in the previous
section because it requires a small number of species combina-
tions to evaluate by comparison.

The first step in the procedure requires generating an initial
guess of the “optimum” species order. This is done by first consid-
ering the error function for the mixture enthalpy shifted by the
enthalpy at the standard state temperature. Inserting Eq. (4) in
Eq. (18) provides
~ 1
Shrs = max (% ‘ Z (vj (22)

jeSs

—y;)Sh]‘—i- Z Vi Shj‘).

jeS—Ss

From the above, it is clear that there are two components of error
introduced by a reduction in the species set. The first comes from
the difference in the equilibrium composition obtained with the
reduced set as compared to the full set. The second is due to the
enthalpy contribution of the species which are not included in the
reduced model in the overall mixture enthalpy. Interestingly, this
component of the error can be computed a priori without need of
computing equilibrium compositions of the reduced set. In addi-
tion, it is clear that this error contribution will grow monotonically
as species are removed from the full set because it is a sum of
only positive values. Based on these facts, the initial ordering is
determined such that the maximum enthalpy contribution of each
species is strictly decreasing, or

YjSh; Yj+18hj4
Sh Sh
After an initial species order is determined, ®, ; is computed

for each index j. It is useful to note that, once it is computed,
swapping species A; with Ajq1 only affects the error function at

max
PeR;

> max

, Vjed.
PeR;
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Fig. 11. Thermodynamic error function versus number of included species for the R, reduction space.

index j. This comes from the fact that the ordering only applies to
species which are included in the species subset for a given index,
however, the ordering within a particular subset has no effect on
the equilibrium properties of the mixture. Based on this simple
fact, an algorithm has been developed to improve a given species
ordering to minimize ©, j for each index j. Forward and reverse
improvement sweeps are performed by looping over the species
index j and checking if swapping the species j and j+ 1 lowers
O, ;. If it does, the ordering is updated, otherwise the loop simply
continues.

Fig. 11 shows the result of this reduction procedure for the re-
duction space R;. For this case, 7 forward and reverse sweeps
were required to reach the final ordering. The general trend in
the thermodynamic error function for the final ordering suggests
that the equilibrium thermodynamic properties of the mixture are
highly sensitive to relatively few species. As each of these species
are added to the reduced set, the error drops quickly. However
as more species are added, the corresponding improvement in the
error function decreases until adding new species provides lit-
tle benefit. This is clearly demonstrated in Fig. 11a which shows
that in order to improve the error function from 10% to 5%, only
3 additional species are required, while dropping from 5% to 1%
requires 13.

Fig. 11b shows the maximum error in each thermodynamic
property for the reduced species set corresponding to the R, re-
duction space. It is clear from the figure that the error in ¢ is
the dominant contribution to the thermodynamic error function.
Inserting Eq. (7) into Eq. (18), we have

~ 1 s dy; Y5
Cprs = ,r,ggzxr[a l}; (Vi = ¥)eps+ (—aT —a7 )hj
Ay
+ Y vicpi+ —anhj|], (23)

JjeS-Ss

which indicates that the error in the specific heat depends on the
partial derivative of the species mass fraction with temperature.
Using Figs. 3 and 4 comparing species mole fractions computed
with the full database and the much smaller CEA database as ex-
amples, the species mass fraction gradients can vary significantly
over temperature, and are particularly sensitive to the included
species in the database. Therefore, it is the reactive ¢, which con-
tributes most to the thermodynamic error function. This suggests
that if the equilibrium mixture c, is not required, it could be
removed from the evaluation of Eq. (19) to produce significantly
smaller reduced species sets.
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Table 3
Summary of reduced species set sizes.
Reduction space Error tolerance
10% 5% 1%
R1: all compositions 49 54 65
Ry: air [ pyrolysis mix 32 35 48
Rs3: COy [ pyrolysis mix 23 24 35

4.2. Reduced species sets

For each of the reduction spaces described in the previous sec-
tion (R4, Rz, and R3), tolerances on the maximum thermody-
namic error of 10%, 5%, and 1% were used to create a total of
9 different reduced sets. We will denote a reduced set by R;-t,
for the reduction space r and error tolerance t. For example, R»-5
indicates the reduced species set for the reduction space R, and
tolerance of 5%. The number of species required for each reduced
model is given in Table 3. The largest reduced set (R1-1), with 65
species, represents a reduction of nearly 20 times as compared to
the full model which translates into large reductions in the compu-
tational costs associated with computing equilibrium compositions
and mixture thermodynamic properties. In particular, consider the
solution of the equilibrium problem using the Gibbs function con-
tinuation method, as described in [38]. The dominant cost of this
method is the singular value decomposition (SVD) of a matrix with
m rows equal to the number of species and n columns equal to
the number of elements considered in the mixture. The cost of an
SVD is proportional to O (m2n + n®m + n3). Since, in practice, the
number of species greatly outweighs the number of elements in a
mixture, this cost can be treated as O (m2n). Therefore, a reduction
in the number of species by 20 times, results in an approximately
400-fold decrease in the time required to compute the equilibrium
concentrations.

Table 4 provides a list of the 66 species belonging to at least
one reduced model. The notation from Frenklach et al. [77] has
been used to represent all PAHs. In this notation, A, denotes n aro-
matic rings and (Ra), indicates n rings of a carbons each. Fig. 12
provides a few examples to clarify the notation. All PAHs are fully
saturated unless explicitly written otherwise.

For each species, Table 4 lists the maximum tolerance level at
which the species is included in each reduction space. For exam-
ple, HCN is included in both the R1-10 and R;-10 sets, and is
therefore also included in R1-5, R1-1, R2-5, and Ry-1. Thus, each
reduced species set may be enumerated based on Table 4. Inter-
estingly, CH(X?I1) is required in R;-10 and R3-10 but does not
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Table 4
Summary of species belonging to the reduced mechanisms. Enthalpies of formation have been evaluated using the polynomial information data by each reference at 298.15 K.
No. Species Tolerance, i% Ah‘} Ref. No. Species Tolerance, % Ah‘} Ref.
R R2 Rs3 kJ/mol R R2 R3 kJ/mol
1 C 10 10 10 716.7 [36] 34, C4H3 1 5 1 501.8 [62]
2. ct 10 10 10 1809.4 [36] 35. CH,CHCCH 5 1 1 289.1 [67]
3. CH(X?11) 10 10 596.1 [67] 36. CH,CCCH, 1 3213 [67]
4, HNC 10 10 194.4 [36] 37. C4N, 10 529.2 [36]
5. HCN 10 10 1293 [64] 38. Cs 10 1072.3 [64]
6. CHy 10 10 10 —73.9 [67] 39. CsH 10 932.2 [64]
7. CN 10 10 438.7 [62] 40. CgHy 10 10 10 700.8 [64]
8. co 10 10 10 —-1103 [67] 41. CgHay 10 10 5 900.0 [62]
9. CO, 10 10 10 —394.2 [67] 42. A1CH 1 1 1 306.6 [64]
10. Co(T) 10 10 10 835.2 [67] 43, CoHg 10 10 10 65.8 [62]
11 C(S) 10 10 10 8275 [67] 44, CioH2 10 1 1120.0 [62]
12. CH 10 10 10 568.1 [62] 45. HCy1N 10 1270.0 [62]
13. CoHy 10 10 10 2289 [67] 46. Ci1N 10 1500.0 [62]
14. H,CC(S) 10 1 4122 [67] 47. Ci2Hy 10 1340.0 [62]
15. CH3CN 1 1 74.0 [62] 48. A4R 5 1 3344 [64]
16. CoHy 10 5 10 523 [67] 49. Ag(R 5)4 10 11393 [62]
17. CNC 10 675.8 [62] 50. ‘Ao 10 663.5 [62]
18. CCN 10 679.1 [62] 51 Ao 10 10 10 4184 [62]
19. NCCN 10 1 309.1 [36] 52. H 10 10 10 218.0 [36]
20. CNCN 10 10 413.0 [62] 53. H* 5 1536.2 [36]
21. Cs 10 10 10 823.6 [62] 54. OH 10 10 10 373 [67]
22. C3H 10 10 716.7 [64] 55. Hy 10 10 10 0.0 [67]
23. C3HN 10 10 368.4 [62] 56. H,0 10 10 10 —243 [67]
24. HCCCH(T) 10 1 1 546.8 [67] 57. NH3 10 1 —45.6 [62]
25. -CH,CCH 5 5 1 3515 [62] 58. N 10 10 472.7 [36]
26. CH,CCH 1 1 1 3484 [62] 59. NO 10 10 913 [36]
27. CH3CCH 1 1 1 185.5 [67] 60. N 10 10 0.0 [36]
28. CH,CCH; 1 1 1 188.8 [64] 61. 0o(S) 5 1 1 438.5 [62]
29. G0, 5 —95.6 [62] 62. (] 10 10 10 249.2 [36]
30. C4(S) 10 1055.7 [62] 63 ot 1 1568.8 [36]
31. C4(T) 10 1059.7 [62] 64. 02(S) 1 1 1 94.4 [62]
32. HCCCCH 10 10 10 460.2 [67] 65. 0, 10 10 10 0.0 [67]
33. CH,CCCH 1 1 4974 [67] 66. e~ 10 10 10 0.0 [36]

(a) Ethynylbenzene (A, CH,)

(b) Cyclopenta[cd]pyrene (A,R5)

(c) Ovalene (A,,)

Fig. 12. Example PAHs.

belong to R1-10. This indicates that the larger composition space
of R required another (or several other) species to reach a partic-
ular tolerance level which offset the error caused by not including
CH(X211).

5. Discussion
5.1. Contributions of PAHs

Figs. 3 through 6 show a significant deviation from equilib-
rium properties computed in CEA with the addition of the C3yHq4
(Ajo, see Fig. 12) molecule to the database. In addition, other large
polycyclic aromatic hydrocarbons (PAH) are present in the reduced
species sets presented in Table 4 when the entire elemental com-
position space is considered. Large PAHs such as C3yHi4 are known
to form during the combustion of lighter fuels like benzene or
toluene, and act as precursors to the formation of soot particles
which evolve over the course of combustion processes [64,78]. For
equilibrium calculations using highly carbon-rich mixtures, PAHs

result from the maximization of the carbon to hydrogen atom ratio.
However, while the creation of PAHs is thermodynamically feasible,
it may not be kinetically viable in a real world situation due to
necessary residence times required for their creation. Rabinovitch
[43] has studied this problem specifically for carbon-phenolic ab-
lation and has shown that, up to the limit of available kinetic
PAH data (CisHyp), PAHs can form in significant quantities from
the evolution of pyrolysis gases over typical residence times nec-
essary for these gases to flow through a TPM. For this reason, these
species have been retained in the detailed model presented in the
previous sections.

5.2. Errors found during this work

Finally, it is worth noting a handful of errors found in the var-
ious data sources used during this work. As many species were
found in multiple sources, this work provided an excellent op-
portunity to verify the data in each source through comparison
with other sources. In some cases, discrepancies between two or
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more sources lead to the discovery of the following errors. These
errors are enumerated below, as they may be helpful to other re-
searchers, though the authors do not claim that other errors are
not still present.

e C4 and Cs from CEA [36]: After comparison with calculations
made by the authors, a significant discrepancy was found be-
tween C4 and C; thermodynamic data and expected results.
A careful review of the underlying data sources for these
species revealed that the molecules’ moment of inertia had
been used in place of their characteristic rotational tempera-
tures in the evaluation of thermodynamic properties.

e NO_ from Burcat [62]: The properties for NO~ have been up-
dated after an error was found in the polynomial coefficients
for cp.

6. Concluding remarks

This work developed a strategy for merging thermodynamic
data sets based on their consistency with ATcT formation en-
thalpies and their estimated relative accuracy for use in carbon-
phenolic ablation and pyrolysis simulation. In particular, over 1200
chemical structures comprised of C, H, N, and O were identified in
four widely used thermodynamic databases.

Comparisons of computed equilibrium mole fractions and mix-
ture thermodynamic properties between the detailed model and
CEA showed some significant differences which could suggest er-
rors in predicted heat loads on entry vehicles when using CEA
thermodynamic data. In particular, the mixture specific heats and
entropy were found to be sensitive to differences in the computed
equilibrium mole fractions. Non-dimensional char blowing rates
were also found to be sensitive to the thermodynamic data varying
up to 80 % when using CEA compared to the database presented
in this work.

In addition to the detailed database, a fast reduction methodol-
ogy based on mixture equilibrium thermodynamic properties was
developed. This procedure ensures the validity of mixture thermo-
dynamic properties over the selected reduction space. Reductions
were computed for several elemental composition, temperature,
and pressure spaces related to typical problems encountered in the
design of planetary entry vehicles. It was found that only 32 and
23 species were required to model carbon-phenolic pyrolysis gas
mixed with air and CO,, respectively with reasonable accuracy.
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