Graphical Abstract

Air-Carbon Ablation Model for Hypersonic Flight from Molecular

Beam Data

Krishna Sandeep Prata, Thomas E. Schwartzentruber, Timothy K. Minton

P
- 78
AT 4

—

Vitreous Carbon




Highlights

Air-Carbon Ablation Model for Hypersonic Flight from Molecular

Beam Data

Krishna Sandeep Prata, Thomas E. Schwartzentruber, Timothy K. Minton

e Research highlight 1

e Research highlight 2



Air-Carbon Ablation Model for Hypersonic Flight from
Molecular Beam Data

Krishna Sandeep Prata®!*, Thomas E. Schwartzentruber®?, Timothy K.
Minton®?

@Department of Aerospace Engineering and Mechanics, University of Minnesota,
Minneapolis, MN, 55414
®Ann and H.J. Smead Department of Aerospace Engineering Sciences, University of
Colorado, Boulder, CO 80303

Abstract

Recent molecular beam experiments of high velocity O, N, and O, impact-
ing carbon material at high temperature produced detailed surface chemistry
data relevant for carbon ablation processes. New data on O and N reactions
with carbon has been published using a continuous molecular beam with
lower velocity (2000 m/s) and approximately 500 times higher beam flux than
previous pulsed-beam experiments. This data is interpreted to construct a
new air-carbon ablation model for use in modeling carbon heat shield abla-
tion. The new model comprises 20 reaction mechanisms describing reactions
between impinging O, N, and O, species with carbon and producing scattered
products including desorbed O and N, Oy and N formed by surface-catalyzed
recombination, as well as CO, COs, and CN. The new model includes surface-

coverage dependent reactions and exhibits non-Arrhenius reaction probabil-
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ity in agreement with experimental observations. All reaction mechanisms
and rate coefficients are described in detail and each is supported by experi-
mental evidence or theory. The model predicts pressure effects and is tested
for a wide range of temperatures and pressures relevant to hypersonic flight.
Model results are shown to agree well with available data and are shown to
have significant differences compared to other models from the literature.
Keywords: Ablation, Carbon oxidation, Carbon nitridation, Molecular

Beam Experiments, Gas-surface interactions

1. Nomenclature

A, = Avogadro number

B = Total active site density

E = Energy

F = One-fourth the mean thermal speed of a gas species
f = Flux of a species

k= rate coefficient

G = Subscript indicating gas

h = Planck’s constant

k, = Boltzmann constant

m = Mass of an atom of a species
N = Subscript for atomic nitrogen
O = Subscript for atomic oxygen
ox = Subscript for molecular oxygen
P = Partial pressure

p = Probability



R = Universal gas constant

N
Il

Adsorption selectivity

T = 'Temperature

2. Introduction

Hypersonic vehicles create strong shock waves, and associated high tem-
peratures, that partially dissociate the surrounding air. Due to high flow
speeds, the gas near the vehicle surface remains in chemical nonequilibrium
and reactive atomic species (O and N atoms) reach the vehicle surface and
damage the heat shield. New hypersonic mission trajectories involve sus-
tained flight under nonequilibrium conditions where the gas-surface chem-
istry requires finite-rate modeling. The complexity increases dramatically in
the case of finite-rate modeling compared to equilibrium gas-surface chem-
istry modeling. Finite-rate models require the specification of many surface
chemistry mechanisms and accompanying rate coefficients, most of which are
not well understood or measurable experimentally.

This article focuses on gas-surface reaction modeling for carbon, often
used for ablative heat shields. Two models that have been used in the recent
literature include the Park model [1] and the Zhluktov and Abe (ZA) model
[2]. Experimental validation of gas-surface reaction models has proven to be
challenging. Both models were used to compare computations to experimen-
tal data from the passive ablation nose-tip technology (PANT) configuration
[3][4], and both models under-predicted the stagnation point ablative mass
flux, under high pressure conditions. Gosse and Candler [5] added new subli-

mation reactions to the Park model, however, the stagnation temperature and



recession rates were still under-predicted when compared to the PANT data.
MacLean et al. [6] compared four different models (two models based on the
work of Park, the ZA model, and a constant oxidation probability model)
and found that all four models predicted different recession rates. Candler
[7] performed a numerical analysis of the ZA and Park models, in addition to
the equilibrium B’ model, for hypersonic conditions, between 20 and 40 km
altitude, and found significant differences between model predictions. Lewis
et al. [8][9] performed a series of hypersonic ablation experiments in the X-2
facility at the University of Queensland, and CFD simulations comparing the
Park and ZA models were performed by Alba et al. [10][11]. In these cases,
the surface temperature ranged from 1770 to 2410 K. The predicted ablation
products were quite different between the Park and ZA models, and neither
of the models was able to predict the experimentally observed products. The
challenge in using high enthalpy experiments (such as arc-jets or inductively
coupled plasma (ICP) facilities) for model development is that measured sur-
face recession, heat flux, and species concentrations in the boundary layer,
are the net result of many gas-surface and gas-phase reaction mechanisms.
It is difficult to choose reaction mechanisms and set all of the free parame-
ters using such data, and typically there are many combinations of reaction
mechanisms and rate coefficients that may reproduce macroscopic measure-
ments, such as heat flux or surface recession, for a given experiment. Model
accuracy for conditions outside of the experimental conditions is therefore
uncertain.

Recently, new surface chemistry data was obtained in molecular beam-

surface scattering experiments on carbon over a wide range of high tem-



peratures [12]|[13]. The experiments involved a pulsed beam of atomic and
molecular oxygen, traveling at a nominal velocity of 7756 m/s, and impacting
a vitreous carbon (VC) surface that was resistively heated to high temper-
atures. This hyperthermal beam was pulsed at a repetition rate of 2 Hz
and was composed of 93% atomic and 7% molecular oxygen. The average
translational energies of the atomic and molecular components of the beam
were 4.99 and 9.98 eV, respectively, with energy widths (full width at half-
maximum) of 0.57 and 1.66 eV, respectively. Both atomic and molecular
oxygen were in their ground electronic states [14][15]. The general experi-
mental setup [12][16][17] includes a rotatable mass spectrometer to monitor
both the incident molecular beam and the volatile species that scatter from
the surface. Experiments were performed at various surface temperatures
for VC samples[12][13], and further experiments were performed for highly
oriented pyrolytic graphite (HOPG) samples [18], and FiberForm samples
[19]. The experiments provided a wealth of data regarding what reactions
were dominant and the reaction probabilities for different products leaving
the surface. This data was used to construct a probability model for use in
direct simulation Monte Carlo (DSMC) [20] and a finite-rate model for use
in computational fluid dynamics (CFD) [21].

In this article, we extend this model to air-carbon reactions and include
reactions due to O, O, and N (Nj is assumed to be inert) collisions. Recently
new campaigns of molecular beam experiments were carried out using O, N,
and mixed O/N beams impacting VC samples. Experiments that used the
mixed O/N beam used a pulsed incident beam [22]. The recent experiments

that examined the individual interactions of O or N atoms with a VC surface



used a different beam source that operated continuously (not pulsed like prior
experiments) with lower-velocity reactants impacting the material [23]. The
continuous O-atom beam results reveal similar trends as the original pulsed
beam results. This lends strong support to the assumptions and conclusions
drawn in the previous modeling studies [20][21]. Since data is now available
for O atoms, N atoms, a mixture of O and N atoms, along with separate
data on Oy collisions with carbon [24][25][26], we are able to construct an

air-carbon ablation model, as described in this article.

3. New Molecular Beam Data and Relevance to Hypersonic Abla-

tion

The previous pulsed molecular beam experiments on oxygen interacting
with vitreous carbon [12] revealed four general results directly relevant to ab-
lation processes under hypersonic conditions. First, reaction products scat-
tered thermally (accommodated to the surface temperature), despite the high
incident energy of the reactants. This result implied that the beam energy
and angle has no effect on the surface chemistry; rather, the beam simply
acts as a supply of oxygen atoms to the surface and the material temperature
is the dominant parameter controlling the reaction probability. Second, the
rotatable mass spectrometer was able to clearly differentiate between individ-
ual reaction efficiencies. For example, CO was the dominant product at all
temperatures, and CO, was a minor reaction product. Third, non-Arrhenius
behavior was observed for the CO product formation. At temperatures be-
tween 800-1200 K, the probability of CO production increased with surface

temperature. However, above approximately 1200 K, CO production was



observed to decrease while the O-atom flux leaving the surface markedly
began to increase (indicating a decrease in surface or subsurface oxygen con-
tent). Therefore, despite the low pressure environment (near-vacuum) of
the molecular beam experiments, the collected data spanned regimes of high
surface coverage and the transition to low surface coverage. Fourth, molec-
ular beam experiments were performed on three types of carbon surfaces:
highly-oriented pyrolytic graphite (HOPG) [18], vitreous carbon (VC) [12],
and FiberForm [19]. The main trends discussed above were consistent across
each material, indicating that the measurements were general to many ablat-
ing carbon materials (i.e., those with significant roughness at the micron-scale
and highly defected atomistic surface morphology). Each of these four key
results supported the premise that molecular beam experiments may provide
relevant data for modeling carbon ablation occurring in the presence of a
hypersonic boundary layer.

However, certain assumptions were required in prior modeling efforts that
led to some level of uncertainty in interpreting the experimental measure-
ments and incorporating them into hypersonic ablation models. Specifically,
although reaction products scattered thermally, it could be possible that
the high beam energy and low atomic oxygen flux, compared to that from
a boundary layer gas, produces different surface chemistry than would be
expected in an actual hypersonic boundary layer. Furthermore, the pulsed
nature of the molecular beam led to in-depth studies of the time-varying
aspects of the experiments [27][28]. In contrast, the original model by Poo-
vathingal et al. [20][21], assumed that the reaction products (and their rel-

ative probabilities) observed during the beam pulse would be the same as



those observed if the beam were continuously operating, and the unsteady
details of the measurements between pulses were not relevant to formulate
an ablation model. It was also observed experimentally that the product flux
(leaving the surface) captured by the mass spectrometer was not the same
at high and low temperatures, despite the same molecular beam conditions
(i.e., the same beam flux). Since reaction products were observed to leave
the surface thermally, the model by Poovathingal et al. [20][21] assumed that
the product flux not captured by the detector had similar chemical composi-
tion as the product flux that was captured by the detector. In contrast, the
model by Swaminathan-Gopalan et al. [27] assumed that the product flux
not captured by the detector was entirely composed of CO and that this CO
was not counted because it left the surface between beam pulses. Finally,
a hysteresis effect was observed in the pulsed beam experiments where the
measured reaction probabilities differed as the material sample was being
slowly heated (over several hours) compared to when the sample was being
slowly cooled, for the same temperature when a measurement was taken.
This led to uncertainty in which value of reaction probability should be used
for a given material temperature, and raised the possibility that perhaps the
hysteresis itself needed to be modeled.

To address these uncertainties and to provide a larger set of experimental
data, new molecular beam experiments were recently performed [23]. The
new experiments involved continuous beams containing O or N atoms with
incident velocities of approximately 2000 m/s, which were directed at a vit-
reous carbon (VC) surface at temperatures ranging from 800 — 1873 K. Fur-

thermore, the incident O- or N-atom flux in the new experiments was up to



three orders of magnitude higher than the fluxes used in the earlier studies
with the hyperthermal pulsed beams. A hysteresis effect was also observed
in the new experiments; however it was clearly less pronounced than in the
pulsed beam studies and the difference in inferred reaction probability due
to the hysteresis effect was only slightly larger than the uncertainty in the
reaction probability itself. Therefore the new, continuous, lower velocity, and
higher flux, molecular beam experiments were able to address the main as-
sumptions and uncertainties from the previous pulsed beam experiments. As
described in detail in Ref. [23], despite significant differences between the new
continuous beam experiments and the earlier pulsed beam experiments, the
results are remarkably similar. Similar to the pulsed beam experiments, the
new continuous beam experiments also observed a difference in product flux
(leaving the surface) captured by the mass spectrometer at high versus low
temperatures [23]. If the missing flux were comprised entirely of CO products
leaving the surface at longer timescales between beam pulses (as proposed by
Swaminathan-Gopalan et al. [27]), then such CO products would have been
measured in the continuous beam/detector experiments, and should have
significantly changed the measured CO trend with temperature. The new
experiments showed no such change in CO flux behavior compared to the
original pulsed beam experiments. In fact, each of the four general results
discussed above was also observed in the new experiments (including atomic
force micrograph analysis of the micron-level surface morphology), and there-
fore the new experiments corroborated the thermal gas-surface interaction
mechanisms inferred from earlier studies as well as the assumptions made

in interpreting the data [20][21]. In addition, the new experiments included



exposure of VC samples to beams containing N and Ny, and also revealed
the probabilities of N-atom and O-atom surface recombination reactions to
form gas-phase Ny and Oy molecules.

The results of the new molecular beam experiments are fully described
in Ref .[23], and will be presented along with model results later in Section
5. Before constructing the new finite-rate air-carbon ablation model, it is
useful to first summarize the main experimental findings. The new continu-
ous molecular beam experiments expose a partially ablated, high tempera-
ture, VC carbon sample to a continuous flux of O or N atoms at velocities
comparable to the mean thermal speed of atomic species in a hypersonic
boundary layer (=~ 2000 m/s). Under such conditions, all reactions pro-
ceed thermally and products leave the surface accommodated to the carbon
surface temperature. The rotatable mass spectrometer is able to quantify
the efficiencies of individual gas-surface interactions, both reactive and non-
reactive, as a function of the surface temperature. Reactions forming CO
(the dominant product) are surface-coverage dependent reactions that ex-
hibit non-Arrhenius rate behavior at high surface temperature where surface
coverage is reduced due to the desorption of O atoms. Reactions forming
COg2 (minor product) are found to have reduced probabilities as temperature
is increased and are not measurable above a certain threshold temperature.
In addition to the oxidation reactions producing CO and COs, oxygen atoms
are observed to recombine on the surface to produce gas-phase O, with an
efficiency that is lower than that of CO production, but not negligible. Nitro-
gen atoms may recombine on the surface to produce gas-phase Ny or react

to produce CN, and importantly, the recombination efficiency of N atoms
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was found to be more than an order of magnitude higher than the reaction
efficiency to produce CN. In addition to this wealth of new experimental
data, additional molecular beam data for O, interacting with carbon has
recently been reported [24] and can be combined with legacy experimental
Oy carbon measurements [25][26]. Finally, new experiments where molecu-
lar beams containing a mizture of N and O atoms interacting with hot VC
samples have been performed [22], which provide valuable information about
if, and how, N and O atoms compete for surface coverage and indirectly
influence oxidation reactions. Unfortunately, these experiments did not ad-
dress the possibility that NO may be formed on a carbon surface that is
simultaneously bombarded by O and N atoms. Nevertheless, new molecular
dynamics simulations of N atoms reacting with oxygen defects on a graphene
surface suggest that NO formation may not be important at incident veloc-
ities relevant to gas-surface interactions in a hypersonic shock layer[29]. By
combining the consistent results of the original high-velocity pulsed molec-
ular beam data with the new lower-velocity continuous beam data, along
with the new mixed beam data, we now have sufficient experimental data for
oxygen and nitrogen interactions with carbon in order to extend the previous
oxygen-carbon model [21] to a new finite-rate air-carbon ablation model.
The purpose of this article is to describe how the molecular beam data is
used to construct the new air-carbon reaction model and to clearly describe
the rationale behind the choices of reaction mechanisms and the values of
model parameters. Model simplifications are also discussed and model trends
are tested over a wide range of temperatures and pressures and compared

with available data. Ultimately, the model requires validation within CFD
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simulations of high-enthalpy ablation experiments; however, this is beyond
the scope of the current article. Among other challenges, the validation of
ablation models with measurements from high-enthalpy experiments requires
accurate characterization of the free-stream plasma conditions; an active area

of on-going research.

4. Model Description

The previous oxygen-carbon reaction model of Poovathingal et al. [21]
consisted of five reaction mechanisms: (i) adsorption of O, (ii) desorption of
O, (iii) CO formation dependent on adsorbed O, (iv) CO, formation depen-
dent on adsorbed O, and (v) direct CO formation independent of adsorbed O.
The fifth reaction was added to maintain CO production even at high temper-
atures where surface coverage was very low and, as noted in that prior work
[21], is not a physically realistic reaction mechanism. In both the original
pulsed molecular beam data and the new continuous molecular beam data,
there is evidence of a slower surface-mediated reaction, which may involve a
different “type” of adsorbed O. Therefore, we start by eliminating the fifth
reaction and instead we include two types of adsorbed oxygen in our new
model. Furthermore, recombination of O atoms into Oy molecules was also
observed in the new experiments and recombination reactions are therefore
added to the model. Nitrogen reactions including N adsorption, N desorp-
tion, formation of CN, and surface recombination into Ny, are added to the
model based on the new nitrogen molecular beam data. It is important to
note that the addition of recombination reactions has significant implications

for the overall model, since recombination reactions now compete with oxi-
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dation and nitridation reactions. Finally, data for O, collisions with carbon
are also incorporated into the model.

The new air-carbon ablation model contains 20 reactions. Each reaction
rate expression has a physics-based functional form and the selection of model
parameters is supported by experimental data and/or theory. To begin,
we present the full reaction model and clearly describe each reaction rate
expression. It is important to note that we first present the model without
discussion and justification for each reaction. Only in section 5, after the
model has been presented, do we compare model results with experimental
data, at which point, we present detailed discussion and justification for each
mechanism and rate expression. In the process, we present model results over
a wide range of temperatures and pressures and compare to the molecular
beam data and also to reaction probabilities inferred from inductively coupled

plasma (ICP) testing facilities.

4.1. General Description of the model

One general reaction mechanism we desire to model is when the gas-phase
reactant first adsorbs on to the surface before forming a product through
gas-surface interaction. The rate of adsorption of a gas-phase reactant G
(G is O, N, or Oz in the current model) is k,q[G][(s)], where k,q is the rate
coefficient, [G] is the concentration of the gas-phase species (in mol m), and
[(s)] is the surface density of the empty reactive sites (in mol m2). The rate
coefficient k,q depends on the mean thermal speed of the gas species, the
selectivity of absorption (S), the total active site density B (in mol m~2),
and the activation energy for adsorption (E,q) as shown in Eq. (1). The

selectivity of adsorption lies between 0 and 1.
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1 —F,
kadZE*Fg*S*eXp RTd (1)

The flux of gas species to the surface (fg,) is Fg[G], where Fg is one-

fourth the mean thermal speed of the gas species given by Eq. (2).

1 /8kyT
Fo=- 2
¢y ™™g (2)

The adsorbed species G(s) desorbs from the surface with a rate equal to

Kaes|G(s)], where [G(s)] is the surface density of the adsorbed species (in mol
m‘2). The desorption rate coefficient kqes is modeled according to the simple
transition state theory assumption, with a desorption energy of Eg., and is
given by Eq. (3).

27ngka2 _Edes

kdes = AUBh3 exp RT <3>

The reactions that produce gas-phase products are of two types - reactions

that remove a carbon atom from the surface, and surface-catalyzed recom-
bination reactions. The carbon removing reactions can either be gas-phase
dependent or gas-phase independent. The rate of a gas-phase dependent
reaction is equal to keq[G][G(s)], where kyq is the rate coefficient that de-
pends on the kinetic-flux of the gas-phase reactant, and the probability of
the reaction (pgq), and is given by Eq. (4).

kgd = FG’ * pgd (4)

The rate of gas-phase independent reactions is given by kg [G(s)], where

ke is the reaction rate coefficient. The rate coefficient kg takes a simple
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Arrhenius form. Recombination reactions can be either gas-phase dependent
(often referred to as Eley-Rideal or ER) reactions or gas-phase independent
(often referred to as Langmuir-Hinshelwood or LH) reactions. The rate of
an ER reaction is given by ke [G][G(s)], where the reaction rate coefficient
ke, is given by Eq. (5). The pre-exponential factor ., takes a value between

0 and 1.

er 5
RT (5)
The rate of an LH recombination mechanism is given by ky,[G(s)][G(s)],

ke’r:_ F er
7 ¥ Fa * Yer ¥ oxp

where the rate coefficient ky, is given by Eq. 6. The pre-exponential factor
in, takes a value between 0 and 1. A, is the Avogadro number, and Fg op is

the mean thermal speed of the mobile adsorbed species on the surface, given

by Eq. 7.

A, —F
Kin =1/ 7 * Faop * Y * exp Rjih (6)
WkibT
F = 7
G.2D S (7)

The functional forms of the reaction rates and rate coefficients described
above are standard forms used by previous researchers and, for example, a
more detailed description can be found in Chapter 6 of Ref. [30]. Table 1
contains the new model chemical reaction mechanisms, the reaction rates,
and the rate coefficients. The model contains 20 reactions, describing oxi-
dation by atomic and molecular oxygen, nitridation by atomic nitrogen, and

surface catalyzed recombination of both atomic nitrogen and atomic oxygen.
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The actual reactions between O or N atoms and carbon, especially highly
defected carbon, are undoubtedly more complicated than those used in the
model. The reactions in the model have been chosen to represent classes
of reactions that lead to the products with distinguishing dynamical char-
acteristics that have been experimentally observed. We first present a full
description of the model and parameter values, and later in section 5, we de-
scribe the rationale behind the choice of reaction mechanisms and parameter

values while comparing to experimentally inferred reaction probabilities.
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4.2. Reactions involving atomic oxygen (O)

Reactions involving atomic oxygen are given by reactions (1) — (9). We
propose that there are two types of adsorbed oxygen, a relatively weakly
bound O(s) and a relatively strongly bound O"(s). Reactions (1) and (5)
are the adsorption reactions for O into O(s) and O"(s), respectively. The
selectivity of adsorption of O into O(s) is 0.3 and into O"(s) is 0.7, with a
combined adsorption selectivity of 1. The adsorption is prompt in that there
is no activation energy barrier. The desorption of O(s) and O"(s) into O
are given by reactions (2) and (6), respectively, with simple transition state
theory based reaction constants. However, O(s) desorbs more readily than
O"(s) since the desorption energy for O(s) is ~ 245 kJ/mol (equal to the
bond energy of a single bond between C and O) while that for O™ (s) is ~ 800
kJ/mol (equal to the bond energy of a double bond between C and O). Reac-
tions (3) and (7) are the gas-phase dependent reactions forming CO through
O(s) and O"(s) respectively. The activation energy and the pre-exponential
factors are chosen to capture the trends of the experimental data. Model-
ing CO formation with a gas-phase dependent mechanism is important for
model accuracy at high pressures, for example, similar gas-phase dependent
reactions were used in the model by Poovathingal et al. [21]. Reaction (4) is
the gas-phase dependent CO, formation mechanism dependent on O(s). We
choose not to have an O"(s) dependent CO, formation mechanism for sim-
plicity, and because CO5y production vanishes at higher temperatures in the
experiments, which is where O"(s) persists. Reactions (8) and (9) are the LH
recombination reactions through O"(s) and O(s) respectively into gas-phase

Os. The activation energy of both the reactions is the same and is chosen to
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best match the slope observed in the experimental data.

4.3. Reactions involving atomic nitrogen (N)

Reactions involving atomic nitrogen are given by reactions (10) - (15).
We model only one type of adsorbed nitrogen, N(s). Reaction (10) is the
adsorption of N into N(s). The adsorption of N is not prompt unlike the
adsorption of O, but is activated, with an energy barrier of about 21 kJ/mol.
The reason for an activated N adsorption will be discussed in section 5, when
we present comparisons with experimental data. Reaction (11) is the desorp-
tion of N(s) into N and has a transition state theory based rate coefficient
with a desorption energy of ~615 kJ/mol, equivalent to the bond energy of
a double bond between C and N. This choice will be discussed further in
section 5. For nitridation, we propose two CN formation reactions — one
gas-phase dependent and the other gas-phase independent. Reaction (12)
is the gas-phase dependent CN formation mechanism, necessary for model
accuracy at high pressures. The activation energy of the gas-phase depen-
dent CN formation reaction is chosen to match the CN probability inferred
from high pressure inductively coupled plasma (ICP) ablation testing facili-
ties. Reaction (15) is the C-CN bond cleavage mechanism, postulated in the
new molecular beam experimental analysis [23]. This reaction mechanism
enables the model to capture significantly different CN formation probabil-
ities reported over a wide range of pressure, and will be discussed further
in section 5. The activation energy for this reaction is determined by the
molecular beam experiments. Finally, reaction (13) is the ER recombination
reaction producing Ny and reaction (14) is the LH recombination of N(s)

into No. Although the molecular beam experiments (near-vacuum condi-
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tions) showed evidence of only LH-type recombination, we find that both
types of recombination reactions are necessary to match measured recombi-
nation probabilities reported over a wide range of pressures. This is described

in more detail in section 5.

4.4. Reactions involving molecular oxygen (Os)

Molecular oxygen reacts with carbon through reactions similar to those
of atomic oxygen. The difference lies in how Oy adsorbs onto the surface.
Molecular oxygen adsorbs onto carbon through dissociative chemisorption in
which Oy can partially chemisorb onto the surface or fully chemisorb onto the
surface. When fully chemisorbed, the molecule dissociates and two adsorbed
oxygen atoms are formed. When partially chemisorbed, the molecule disso-
ciates forming one adsorbed oxygen atom and one gas phase oxygen atom.
Since O, must dissociate to chemisorb, the chemisorption is not prompt,
but rather is activated. Reactions (16) and (19) are the fully dissociative
chemisorption reactions of Os. Once chemisorbed, O, reacts with precisely
the same mechanisms as atomic oxygen does — forming CO and CO, through
gas-phase dependent reactions (17), (18), and (20). The reaction rate coeffi-
cients for these reactions are therefore set equal to those of the corresponding

reactions involving O.

4.5. Zero-dimensional (0D) simulation procedure

The reaction mechanisms and rates in Table I can be used to simulate a
zero-dimensional (0D) system in which a set of ordinary differential equations
(ODEs) are integrated in time to obtain product fluxes. Inputs to the 0D

simulations include the gas composition (concentrations and partial pressures
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of each species) next to the surface and the temperature of the gas next to the
surface, which is equal to the surface temperature (T). The partial pressures
and gas temperature simply set the flux of species to the surface via the
reaction rates and Eq. 2, for example. In the current model, the total active
site density is set as, B = 1x107° mol m~2. This is the same value used in the
work of Poovathingal et al. [20][21] and is similar to the value used in the ZA
model [2]. Further discussion of this parameter is presented in subsection 5 of
section 5. Given the partial pressures and gas-surface temperature, combined
with the reaction rate expressions and model parameters, and given an initial
surface coverage (O(s), O"(s), and N(s) at t = 0), a set of ODEs can be
integrated in time to predict the evolution of surface coverage and product
fluxes leaving the surface. For much of our analysis, a steady-state surface
coverage, and corresponding steady-state product flux, is reached quickly and
we therefore focus mainly on steady-state results.

In addition to plotting model results for general temperature and pressure
(T, P) gas conditions, we also plot model results corresponding to molecular
beam experimental conditions. In this case, what matters is that the flux of
species to the surface in the 0D simulation matches the actual flux of species
to the surface in the molecular beam experiment. Both temperature and
pressure are not well defined in the molecular beam, nor near the surface
in the molecular beam experiment, due to the free-molecular nature of the
gas-surface interaction. Since the input (T, P) values are only used indirectly
to determine the kinetic flux to the surface, we simply impose Pyeqm = 2.4 X
1072 Pa and Tjeqm = 1000 K. The partial pressures of the species and the

temperature set the molar concentrations, [G], through the ideal gas law.
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This results in a simulated flux equal to 5 x 10** atoms m~2 s~!, which
matches the beam flux in the experiments. Note that this flux is kept constant
for all plotted molecular beam results, while the surface temperature (T) is
varied, since the molecular beam flux was always constant no matter what
temperature the VC material was.

The following system of ordinary differential equations (ODEs) is ob-

tained through the reaction mechanisms in Table I:

O — ko, [011(9)] ~ henlO(s)) — FoslON[O(5)] ~ koulONOGs)
= 2koo[O(5)]” + 2kt [Oa][(5))” = kara[O2][O(5)] = koas[0][O(5)]
(8)
d[O"(s)]

7 = Fos[Ol[(s)] = kos[O" (s)] = kor[O][0"(s)] = 2kos[O"(s)]" o)

+ 2k o4 [02][(5>]2 — Kous [02] [O*<S>]

feo = dicol _ kos[O][0(s)] + kor[O][O"(s)] + ko2 [O2][O(s)]
dt (10)
+ kous [Oa][O7(s)]
feor = L2 = koulOIO()] + k02 0) (1)
d[O] Py

i W ko1[O][(s)] + ko2[O(s)] — ko4[O][O(s)] (12)

— kos[O][(8)] + kos[O" (s)] + koa3[O2][O(s)]

fo=
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d[0,] P

_ _ O .l 12 )
for =2 = A rmar O IRl OB
— koz1 [02][(5)]” = Kous[Oa][O(5)] — kioza[O][(s)]
AN ()

o = FviNII(s)] = k[N (s)] = ks [ NN (s)] = kna N[N (s)] (14)

— 2kns[N(5)]? — kne[N(s)]

for = LM — s NIINGs)) + Rl N )] (19

4N Py B .
= O = e~ b V]9 k¥ (5)] kv VN3] (16)
N, = d[é\t[Z] = kna[N][N(8)] + kns[N(s)]? (17)

Since the total active site density, B is constant, the following equation

must be satisfied:

[O@)] +[07(s)] + [N ()] + [(s)] = B (18)

If desired, the system of ODEs can be integrated in time to provide the
time-varying evolution of surface coverage and reaction products. We note
that such unsteady analysis is not related to modeling of the transient pro-
cesses inherent in the pulsed molecular beam studies. To be clear, our finite-
rate model is not meant to precisely simulate the pulsed molecular beam

experiments, as was done by Swaminathan-Gopalan et al. [27][28], because
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the transient surface chemistry occurring between such beam pulses is not rel-
evant for a hypersonic ablation model. In contrast, unsteady solution of our
model equations would simulate the evolution of surface coverage and carbon
reactivity when exposed to a continuous high-flux of species as produced by
a hypersonic boundary layer. When we integrate our model equations to
steady-state for a wide range of temperature, pressure, and composition con-
ditions, we find that the maximum time required to reach steady-state is
approximately 1 second of physical time for the molecular beam conditions
(near vacuum) and 10~7 seconds for high pressures typical in ICP tests. To
clarify, assuming steady-state does not imply chemical equilibrium, rather a
steady-state assumption implies that the local surface coverage adapts “in-
stantly” to the near-surface gas state, which itself may be time-varying and
in a state of chemical nonequilibrium. Our model does not capture the
temperature-dependent hysteresis observed in the experiments. However, as
mentioned in section 3, the hysteresis effect was noticeably smaller in the
new continuous beam experiments, and this uncertainty in reaction proba-
bility is comparable to the overall uncertainty introduced by other modeling
assumptions. Furthermore, it is quite possible that such a hysteresis effect
will not be present under gas pressures typical in a hypersonic boundary
layer. Understanding the cause of the hysteresis in the beam experiments
and modeling any potential effects for hypersonic boundary layer conditions
is beyond the scope of this article.

If the steady-state surface coverage and reactant fluxes are of interest,
then it is more computationally efficient to reduce the ODEs to the steady-
state limit. A steady state solution can be obtained by setting the rate
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dO(s)] _ d[O*(s)]

of change in surface coverage equal to zero, i.e., = =

dt dt
d[N
[ diS)] = 0, and subsequently solving for the steady-state surface cover-

ages while satisfying Eq. (18). The steady state equations can be rearranged

in the following form:

A[(s)? + Bi[(s)] = Ci[O(s)]” + Di[O(s)),
Ao[(s)]* + Ba[(s)] = C5[O*(s)]? + Dy [O*(s)], (19)
As[(s)]? + Bs|(s)] = Cs[N(s)]* + D3[N(s)],
[O(s)] +[0"(s)] + [N (s)] + [(s)] = B.

where

Ay = 2k051(0s); By = ko1 [O];

Cy = 2ko9; D1 = koo + (kos + ko4)[O] + (Koz2 + kows)[O2)

Ay = 2kopa[O2); By = kos|O]; (20)

Cy = 2kos; Dy = ko + kor[O] + kows[O2]
A3 = 0; By = kn1[N]; C5 = 2kns; D3 = kno + kne + (kns + kna) [N]

Without loss of generality, consider
Ai[(9)]* + Bi[(s)] = C1[O(s)]” + D1[O(5)].

Assuming that LHS is a constant, we can write an expression for [O(s)] using

the alternative form of the quadratic formula:

0(s)] = 2(A()” + Bu[(s)))

. 21
D1+ v/D} + 4C1 (A[(s)]? + Bi[(s)]) 2
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Similarly, we can write [O"(s)] and [N(s)] as shown in Eq. (22) and Eq.
(23).

‘ 2(A:((s)]* + Ba[(5)])
O*(s)] = 22
O D D 1O P + B =

_ Bs[(s)]
V)l = Ds 4 /D3 + 4C3 Bs|(s)]
Substituting Eq. (21), Eq. (22), and Eq. (23) into Eq. (18), we numeri-

(23)

cally calculate the steady-state surface density of empty sites using Eq. (24).
Note that the alternative form of quadratic formula is used so that the cur-
rent solution method can also be used when the quadratic terms on the RHS
of the steady-state equations become zero — i.e., when no LH recombination

mechanisms are present.

B 2(A[(s)” + Bal(s)])

Dy + /DI +4C1(A[(s)]2 + Bi[(s)])
3 2(As[(s)]> + Bal(s)])

Dy + /D3 + 4C5(As[(s)]2 + Ba[(s)])
B 2Bs|(s)]

D3 + /D3 + 4C3Bs|(s)]

[(s)] =

After steady-state surface coverages are obtained, the entire system is
integrated by one time step through a 4th-order Runge-Kutta scheme, to
obtain product fluxes. The probability of a product is defined as the prob-
ability that an incoming reactant species ends up as a specific product. As
examples, the probability of Oy recombination through O-atom flux is given
by Eq. (25), and the probability of Ny recombination through N-atom flux
is given by Eq. (26).
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_ 2fo,

bo. = fO,in <25>
_ 2/
e = fN.in (26)

Furthermore, for reactions involving molecular oxygen, often the overall
probability of Os oxidation is presented. In this case, we define the O,

reaction probability by Eq. (27).

» _ 2fco, + feo
Os,reac 2f02,z‘n

In this manner, given the gas temperature, pressure, and species concen-

(27)

trations at the surface, the local flux of species to the surface is known and
the ODEs can be solved for the resulting steady-state surface coverage and
product fluxes, which we then present as probabilities. These probabilities
of reaction outcomes are plotted over a wide range of temperature and pres-
sure, and for various compositions such as pure O atoms, pure N atoms, and
mixed O/N compositions. Results corresponding to molecular beam (MB)
conditions are plotted by prescribing the temperature and pressure (arbi-
trarily) in order to recover the species flux in the actual molecular beam.
It was also verified that integrating the equations in time to a steady-state
(given an arbitrary initial surface coverage) matches precisely the solution
obtained using the steady-state equations above. In the next section, we
present model results along with the new continuous molecular beam data
and other available data. While presenting comparisons between the model
and experimental data, we provide explanation and justification for the choice

of reaction mechanisms and model parameter values.
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5. Comparison between model and experiment

Although the molecular beam experiments provide a wealth of data to
construct the finite rate model, the effective pressure near the surface is very
low. To be useful for hypersonic boundary layer conditions, the new model
must be accurate over a large pressure range. Surface-coverage dependent
models naturally introduce pressure dependence [31], and do so in a physi-
cally accurate manner through a balance between incident flux, adsorption,
desorption, and product formation. It is not possible for such a finite-rate
model to match all experimental data points, which, in the current study,
span approximately 5 orders of magnitude in pressure and 2000 K in temper-
ature. Furthermore, the model is further constrained when mixtures of O and
N atoms are present, as these species compete for active surface sites. There-
fore, the purpose of the new model is not to reproduce each experimentally
inferred value precisely; rather the aim is to reproduce all of the measured
trends in temperature and pressure, as well as the approximate magnitude
of the reaction probabilities by a set of physics-based reaction mechanisms.
While one could curve-fit the experimental data points, it is important to re-
alize that the experimentally inferred values have uncertainty and that there
is not enough data available. By constructing a physics-based model, the aim
is that when it is extended to conditions between available experiments that

the model is predictive and can guide future, more-targeted, experiments.

5.1. Reactions involving atomic oxygen (O) - Molecular beam conditions

Figure 1 shows the model predictions for a range of surface tempera-

tures with atomic oxygen flux conditions representative of the new contin-
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Figure 1: Model predictions vs molecular beam experimental data for O-atom reactions

with carbon.

uous molecular beam experiments (5 x 10%° atoms m~2 s7!) and compares
with the probabilities inferred from the molecular beam experiments (de-
scribed in Ref. [23]). While the model does not go through all data points,
the major experimental trends are reproduced. As seen in Fig. 1, CO is the
major reaction product and exhibits non-Arrhenius behavior as the surface
temperature is increased. This is explained by the probability of O-atom
removal from the surface, which has the opposite trend of CO production,
and is also explained by the surface coverage trends shown in Fig. 2. At
low temperatures, the surface has more than 10% total coverage and CO
production increases with increasing temperature via reactions (3) and (7),

which have identical Arrhenius expressions with the activation energy chosen
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Figure 2: Surface coverage as a function of temperature predicted by the model for O-atom

reactions with carbon.

to match the slope of increasing CO probability seen in the beam experi-
ments at low temperatures. As the temperature approaches 1300 K, O(s)
begins to rapidly desorb due to the single-bond desorption energy and the
T? dependence of the transition state theory expression in reaction (2). This
desorption is consistent with the increase in O scattering probability seen
in the experimental points in Fig. 1 at the same temperature. Above this
temperature, a low level of surface coverage is still maintained by O"(s) due
to the higher desorption energy that dominates over the 7% dependence in
reaction (6). This sustained surface coverage results in continued CO pro-
duction at higher temperatures, as observed in the experiments. Note that in
the previous oxygen-carbon model by Poovathingal et al. [21], only O(s) was

included and a separate reaction was included to maintain CO production
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at high temperatures. Poovathingal et al., noted that this reaction was not
physically based and our new model shows that the correct high temperature
trend is accurately captured by the introduction of O"(s). The pulsed molec-
ular beam experiments exhibited a slowly decaying tail of product formation
between beam pulses, which is evidence of a more strongly-bound adsorbed
oxygen state [12]. Swaminathan-Gopalan et al. [27] introduced three types
of adsorbed oxygen in order to model the transient reactivity between beam
pulses.

A number of other experiments have observed a maximum in CO prob-
ability as the surface temperature is raised. For example, Figure 9.7 in the
textbook ”Nonequilibrium Hypersonic Aerothermodynamics” by Chul Park
[32] shows several sets of experimental data for CO reaction probability due
to atomic oxygen. Three experimental data sets (two sets from Rosner et al.
and one set from Liu et al. [33][34]) show increasing CO probability as tem-
perature is increased, but show clear maxima between 1200 K and 2000 K.
In terms of finite-rate models for this reaction, the Park model [1] is a simple
Arrhenius rate expression where CO probability monotonically increases with
increasing temperature. In contrast, the recent surface-coverage based model
by Swaminathan-Gopalan et al. [27] predicts the CO probability to decrease
with increasing temperature above 700 K (for example, Fig. 9c in their paper
[27] presents a comparison between several models). The previous model by
Poovathingal et al. and the new air-carbon model developed in this article
both predict increasing CO probability with increasing temperature until a
maximum value is reached, consistent with available experimental data.

Figure 1 shows that COs is a minor reaction product. At the lowest exper-
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imental temperature (800 K), the CO, probability is a factor of three lower
than the CO probability, and above 1000 K the measured CO, products be-
come negligible. For simplicity we model CO5 production as dependent only
on O(s), which vanishes at high temperature, and we adjust the activation
energy in reaction (4) to reproduce the decreasing slope of CO5 probability
observed in the molecular beam experiments.

The new continuous molecular beam experiments provided unique mea-
surements of O-atom surface recombination on carbon. As seen in Fig. 1, the
probability to form O, through recombination is effectively zero at 800 K and
increases with temperature, reaching a non-negligible value of 0.3 at approx-
imately 2000 K. We find that an LH mechanism for recombination (purely
dependent on surface coverage) accurately captures the experimental trend.
We include a separate LH mechanism for both types of adsorbed oxygen
(O*(s) and O(s)) in reactions (8) and (9). The activation energies are set
to the same value, and the predicted trend matches the experimental slope
of increasing probability with temperature. The inclusion of recombination
reactions in the model adds considerable complexity, since recombination
reactions deplete surface coverage and “compete” with CO production, espe-
cially at high temperatures. To control this competition at high temperatures
where recombination is significant, the pre-exponential factor in reaction (8)
(LH mechanism involving O”(s)) is set to a different value than in reaction
(9) (LH involving O(s)). This is purely a modeling choice, made to best re-
produce the experimental trend. Finally, an expanded finite-rate model was
tested that included ER-type mechanisms for oxygen surface recombination,

however, they did not contribute to, or change the results of, the model. To
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maintain model simplicity we do not include ER reactions for oxygen.

In reactions (1) and (5), the selectivities of adsorption to O(s) and O"(s)
are set to 0.3 and 0.7 respectively. While these values are somewhat arbitrary
(no direct experimental evidence exists), a level of consistency is important
for the model. The selectivities should add to unity, and in addition, the
selectivities should be consistent with desorption behavior. For example, at
2000 K the desorption of O(s) is extremely rapid. If the selectivity of ad-
sorption to O(s) was greater than 0.3 then, as result of rapid desorption, the
probability of O atoms scattering off the surface would also be greater than
0.3. Since, in the high-temperature limit, the experimentally inferred prob-
ability (seen in Fig. 1) plateaus at approximately 0.3, we set the selectivity

of adsorption to O(s) consistent with this value.

5.2. Reactions involving atomic oxygen (O) - High pressure conditions

The new model is entirely constructed based on the molecular beam data;
however, because it includes surface-coverage dependence, it will also exhibit
trends with pressure. Figure 3 shows model predictions for 0D simulations
at a pressure of 5400 Pa, approximately equal to the highest partial pressure
of O (at the surface) in air-ablation experiments performed in an ICP facility
by Helber et al. [35]. The main trend, seen in Fig. 3 is that at high pressure
surface coverage of O(s) is now maintained at higher temperatures and the
peak in CO probability therefore shifts to a higher temperature. While the
peak at molecular beam conditions occurred near 1100 K, the peak at 5400
Pa is closer to 1700 K. This shift is also seen in the O-atom scattering curve in
Fig. 3, where the increase due to desorption is also delayed until 1700 K. At
high pressure, the CO5 probability increases slightly due to enhanced surface
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coverage, however, remains low compared to the CO probability. The model
predicts essentially no surface recombination to form Os at high pressure.
The main reason for this trend is that the CO probability is sufficiently
high (ranging between 0.7 and 0.9) that recombination reactions, which rely

entirely on adsorbed O-atoms, cannot compete with CO production and O

desorption.
1r
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Figure 3: Model predictions for O-atom reactions at molecular beam conditions and at

ICP conditions (Po=5400 Pa).

It is important to note that the flux of species to the surface in plasma
wind tunnel ablation tests is approximately 5 orders of magnitude larger
than the flux in the molecular beam experiments. In order to maintain rea-
sonable reaction probabilities over such a wide range of pressures (range of
species flux), we find that including gas-phase dependence in the reaction
mechanisms (i.e. reactions (3), (4), and (7)) is necessary. Such reaction

mechanisms were used in the ZA model [2], the modifications proposed by
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Maclean et al. [6], the modifications proposed by Alba et al. [10][11], and
also in the previous molecular beam-based model of Poovathingal et al. [21].
This dependence ensures that if the flux of O atoms to the surface increases
by orders of magnitude, then the overall rate of CO production increases
proportionally. In contrast, if the CO reaction mechanism is dependent only
on adsorbed species (for example O(s) + C(b) — CO + (s), similar to the
mechanisms proposed by Swaminathan-Gopalan et al. [27]), then the CO
reaction probability becomes very low at high pressure. The reason is that
surface coverage remains relatively constant (typically between 0.05 and 0.2
in our model) with a maximum of unity, which limits the overall production
rate of CO; the rate scales only with surface coverage rather than scaling
with species flux. If the overall rate is limited due to high surface coverage
at high pressure, yet the flux of species to the surface increases by orders of
magnitude, the probability of CO formation will decrease by orders of magni-
tude. There is no evidence for such low probabilities of CO formation due to
O-atoms at any pressure. For example, the Park model has a relatively con-
stant CO probability with no pressure dependence, and the overall Park rate
scales directly with incoming flux. To summarize, by including gas-phase de-
pendence in reactions (3), (4), and (7) (and also in reactions (12), (17), (18),
and (20) for other species) the product reaction rates scale with incoming
flux and exhibit a moderate pressure dependence on the probability of each
reaction. Specifically, our model predicts that the peak CO probability is
shifted to higher temperature as pressure is increased as seen in Fig. 3.
Figure 4 compares the model behavior with the Park models [1] for the
probability of CO production and Oy production via recombination. While
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Figure 4: Model predictions at molecular beam flux conditions and at pressure conditions
of 475 Pa and 5400 Pa compared to the Park model for (a) CO formation, and (b) Oy

recombination.

the Park model has no pressure dependence, the new model results are plot-
ted for the molecular-beam flux conditions and two higher pressure condi-

tions.

5.3. Reactions involving atomic nitrogen (N)

The new molecular beam experiments enable model extension to include
CN production and Ny production via surface recombination due to N atoms
interacting with the VC surface. Figure 5 compares the model results to
experimental data. Experimental data from the continuous molecular beam
experiments [23] and results from ICP ablation experiments performed at
the University of Vermont by Lutz and Fletcher [36] and at the von Kar-
man Institute (VKI) for Fluid Dynamics by Helber et al. [37] are plotted in
Fig. 5. The main trend is that the probability of recombination to form N,
is approximately an order of magnitude larger than the probability of CN
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formation in both the molecular beam experiments and in the ICP experi-
ments by Lutz and Fletcher. Furthermore, the probability of CN formation
is much lower than the probability of CO formation shown previously in Fig.

3. These are the main trends that the new model must capture.
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Figure 5: Model predictions compared to experimental data for N-atom reactions. Con-
ditions correspond to molecular beam flux conditions [23] and the ICP experimental con-

ditions from Lutz et al. [36] and Helber et al. [37] correspond to a pressure of 1600

Pa.

The molecular beam data shows a sharp drop in N, formation at low
temperature, which could indicate that the adsorption energy of N atoms is
sufficiently high (in magnitude) that N atoms are not very mobile until the

temperature is increased [23]. Although there may be other ways to capture
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this trend, we choose to model N-atom adsorption as an activated process,
involving an energy barrier, by reaction (10). Further rationale for this choice
is discussed in subsection 5.5, where competition between N and O atoms on
the surface is analyzed.

The molecular beam data also shows no noticeable drop in reaction prob-
ability due to surface coverage loss up to 1800 K (the highest temperature
tested), which could indicate that adsorbed N atoms, N(s), are more strongly
bound to the surface than adsorbed O atoms. We find that a desorption
energy larger than that corresponding to a single bond between C and N is
required by the model. While the exact desorption energy cannot be deduced
from the experimental data, we choose a desorption energy corresponding to
a double bond between C and N in reaction (11). It is noted that, from a
physical standpoint, this double-bond desorption energy may be high and not
fully consistent with the molecular beam data, which indicates a lower energy
barrier for CN formation. However, restricting the desorption energies for
both oxygen and nitrogen to single and double bond values still enables the
model to reproduce general experimental trends. Finally, unlike for oxygen,
only a single “type” of adsorbed nitrogen is required to capture the experi-
mental trends. Next, we model the production of CN using the same surface
coverage dependent mechanism as used for CO production in reaction (12).
Since this mechanism also includes dependence on the flux of N atoms, it
contributes significantly under high pressure conditions. We therefore set
the activation energy in reaction (12) to be consistent with the CN probabil-
ities inferred from the ICP experiments. The model result for CN probability

versus temperature, for a N-atom pressure of 1600 Pa (approximately equal
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to the partial pressure of N atoms near the surface reported in the ICP exper-
iments [36][37] is shown by the dotted black line in Fig. 5. This high pressure
trend deviates from the CN probabilities inferred from the molecular beam
experiments above 1500 K, which continue to rapidly increase with surface
temperature. Although the reason for this apparent discrepancy between
molecular beam and ICP experiments is not understood, it is postulated in
Ref. [23] that this trend “is consistent with a high-activation-energy step,
such as chemisorption of N or cleavage of a C-CN bond from the surface”,
with the most likely scenario being C-CN bond cleavage. To capture this
trend, such a bond-cleavage reaction mechanism is included in the model by
reaction (15) where the activation energy is set to the value recommended
by analysis of the molecular beam experiments [23]. The model results for
CN probability under both high pressure conditions and molecular beam flux
conditions are shown in Fig. 5. While both reaction mechanisms (12) and
(15) contribute to the high pressure result, reaction (15) dominates the CN
production when the flux to the surface becomes low, and the model is in
reasonable agreement with both sets of experimental data.

Perhaps the most important aspect of the N-atom experiments is that
the interactions are dominated by surface-catalyzed recombination into Ny
molecules, and that the reactions are essentially a competition between Ny
and CN formation. Because the model includes two mechanisms for CN
formation, we also include two mechanisms for recombination; reaction (13)
is an ER-type mechanism and reaction (14) is an LH-type mechanism. Al-
though there was no evidence of ER-type recombination in the molecular

beam experiments (near-vacuum conditions), both ER and LH reactions and
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rate coefficients are chosen to give a high probability of recombination across
a range of temperatures and pressures.

Finally, Fig. 6 compares CN formation probability predicted by the
model, at both molecular beam flux conditions and also at high pressure
ICP conditions, with available experimental data and with the Park model
[1]. The Park model has no pressure dependence and predicts a very high
CN formation probability compared to the experimental data, while the new

model is constructed to accurately reproduce the experimental data.
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Figure 6: Model predictions for CN probability compared to the Park model and to

experimental data.
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5.4. Reactions involving molecular oxygen (Os)

The reactivity of molecular oxygen with carbon is approximately between
one and two orders of magnitude lower than that of atomic oxygen. For ex-
ample, Figure 9.8 in the textbook “Nonequilibrium Hypersonic Aerothermo-
dynamic” by Chul Park [32] shows several sets of experimental data for CO
reaction probability due to molecular oxygen. In our model, the relative reac-
tivity of molecular oxygen compared to atomic oxygen is entirely controlled
by the adsorption mechanism for O,. Specifically, in our model, molecular
oxygen must dissociatively chemisorb on the surface (reactions (16) and (19))
and the energy barrier is set to reduce the reactivity of Oy to levels observed
in experiments. Other than the dissociative chemisorption process, once the
dissociated oxygen atoms are adsorbed on the surface in either O(s) (reaction
(16)) or O*(s) (reaction (19)) states, the formation of CO and CO, proceeds
via the same rates (i.e., the same mechanisms, pre-exponential factors, and
activation energies) as the atomic-oxygen mechanisms as specificed by re-
actions (17), (18), and (20). Therefore, although the addition of molecular
oxygen adds five reactions to the model, the only additional free parameter
introduced is the activation energy for dissociative chemisorption.

With this simple dissociative chemisorption model, as seen in Fig. 7, the
model shows good agreement with experimental data over a range of tem-
peratures and pressures. Specifically, Fig. 7 shows the reactivity of Oy with
temperature as predicted by the model corresponding to recent molecular
beam experimental conditions from Ross et al. [24], and two higher pressure
experiments from Olander et al. [26] and Rosner et al. [25]. The experiments

report the overall reactivity of Oy, combining both CO and CO, formation,

42



0.
10 —Model, 6.79E-06 Pa ® Ross et al.
—Model, 6.79E-03 Pa e Olander et al.
—NModel, 4 Pa ® Rosner et al.

—
e

O2 reaction probability
5
nN

—_
e
w

10—4 1 1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 2000 2200 2400

Temperature, T(K)

Figure 7: Model predictions compared to experimental data for Oy reactivity to form CO
and COgy products. The data from Ross et al. [24] corresponds to low molecular beam
flux conditions, the data from Olander et al. [26] corresponds to a pressure of 6.79x1073

Pa, and the data from Rosner et al. [25] corresponds to a pressure of 4 Pa.

and the model results are presented using Eq. 27 for consistency. Clearly,
the reactivity of O is several orders of magnitude lower compared to the
reactivity of O. The fact that the model inherently captures a pressure de-
pendence, in approximate agreement with the data, is interesting. At very
low flux conditions, the probability of adsorbed oxygen recombining to form
O, is relatively high (refer to Fig. 3) and, because Oq reactivity is always
low, recombination competes with surface coverage and further limits Os re-
activity to form CO and COs. At higher flux conditions (higher pressures),

recombination becomes less competitive (again refer to Fig. 3), and O, reac-
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tivity to form CO and COs is able to increase. Since O reactivity is generally
low to begin with, this pressure effect is quite noticeable in the semi-log plot
in Fig. 7.

In an extended version of the model, we included ER-type recombina-
tion reactions for O atoms to form O, and also included partial dissociative
chemisorption reactions for Oy (in order to maintain detailed balancing).
However, the addition of these reactions had little-to-no effect on model
predictions at any temperature and pressure tested. In order to avoid unnec-
essary model complexity, these reactions were omitted from the final model.
Finally, while the experimental data in Fig. 7 appears to show a similar
maximum reaction probability, as observed for O-atom reactions, the trend
is not as prominent. Also, since the amount of Oy reactant flux to the surface
may be low at these temperatures, combined with the low reactivity of O,

on the surface, our simple model extension for O, reactions is appropriate.

5.5. Reactions in the presence of a mixture of atomic oxygen (O) and nitrogen
(N)

One crucial aspect of constructing a surface-coverage dependent model
that involves multiple species is understanding how these species may or
may not compete for active sites on the material surface. For example, if
N atoms are more strongly bound to the surface compared to O atoms (as
in the current model), it may be possible that N atoms could block active
sites and significantly reduce oxidation reactions. During the present joint
computational-experimental study it became clear that this question needed
to be addressed. For this reason, molecular beam experiments were per-

formed using a mixed beam with both N and O atoms [22]. The results
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indicated that there was no noticeable reduction in O-atom reactivity due
to the presence of N atoms for for surface temperatures in the range 1100
- 1700 K. In fact, the experiments indicated that the presence of N atoms
resulted in a slight increase in the O-atom reactivity. Therefore, our model
is constructed in order to minimize competition between N and O atoms on
the surface, such that the reaction trends for O and N remain relatively un-
changed from the pure O-atom and pure N-atom results presented in previous
sections.

One simple way to enforce no competition for surface sites between various
species is to designate different surface sites for different species, for example
(sy) and (sp) with corresponding total number of active sites By and Bp.
Each species could then be constrained to adsorb on to, desorb, and react
from, only their specific surface sites. While this strategy may be a convenient
modeling assumption, a more realistic model should allow for competition
between species.

The new model includes only one type of active surface site and therefore
competition between O and N for surface sites is naturally predicted. To
study the effect of N atoms on the oxidation rate to form CO (the dominant
reaction), 0D simulations were performed for beam flux conditions with a
composition of 50% O and 50% N. In the process of such testing we found
that the activated adsorption process for N atoms (reaction (10)) has a sig-
nificant effect on the mixture results. Figure 8a shows the CO probability
results corresponding to a mixed beam with, and without, an activated ad-
sorption process compared to the CO probability for a pure O-atom beam.

If adsorption is not activated (no activation energy causing N adsorption to
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be prompt like O), then because N atoms have a higher desorption energy,
they accumulate and block surface sites. This effect is especially dominant at
lower temperatures where CN and Ns reactions are slow and do not “free-up”
surface sites.

The blockage of surface sites by N atoms at low temperatures can be
seen in Fig. 9. Figure 9b shows the surface coverage trends for a pure
O-atom beam and Fig. 9c shows the trends for a mixed beam without an
activated adsorption process. At low temperature, the N(s) is near unity
and O-atom coverage is significantly reduced compared to the pure O-atom
beam. With reactive sites blocked by N, the oxidation reaction probabilities
drop considerably; the CO probability approaches zero at 800 K in Fig. 8a.
If the adsorption of N atoms is modeled as an activated process, then at
low temperatures N(s) is reduced, becoming comparable to the total O-atom
coverage (as seen in Fig. 9a), which causes the CO probability to reduce
by only a maximum of 30% at the lowest temperature (800 K). Given that
the preliminary mixed O/N-atom beam data [22] shows no evidence of any
reduction in CO probability due to the presence of N atoms, modeling N ad-
sorption as an activated process as specified by reaction (10) helps reproduce
this general result.

Figures 8b and 8c show the model predictions for a mixture of 50% O
and 50% N at two higher pressure conditions. At higher pressures surface
coverage is increased and more competition between O and N atoms on the
surface results, since the total number of surface sites, B, remains fixed. At
these higher pressures, the model predicts a 30% - 50% drop in CO reaction

probability across the entire temperature range. If N adsorption is modeled
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as prompt (not activated), the CO probability drops by more than an order
of magnitude for temperatures below 1600 K. Again, this indicates that N
adsorption should be modeled as an activated process.

Therefore, the current model predicts only moderate competition effects
at low flux conditions, in qualitative agreement with the mixed O/N molec-
ular beam experiments [22]. However, at higher pressure conditions, compe-
tition effects between N and O atoms on the surface are predicted. Since the
model will mainly be used for such higher pressure conditions, when N atoms
are present near the surface, the CO reaction probability is predicted to re-
semble the trends seen in Figs. 8b and 8c (corresponding to the activated
N adsorption process) with probabilities ranging approximately between 0.4
and 0.6. The competition for surface sites between different species, and
the effect on reaction probabilities is perhaps the most complex aspect of a
surface-coverage dependent model and further numerical and experimental
studies are warranted. Furthermore, the experiments did not investigate sur-
face recombination of N and O atoms into NO molecules. If this is verified
to be a dominant reaction at high pressure conditions, the model could be

expanded to include such reactions in future work.

6. Conclusions

Recent molecular beam experiments of high velocity O, N, and O5 species
impacting carbon material heated to high temperature, have produced a
wealth of detailed surface chemistry data relevant for carbon ablation pro-
cesses. New data has been obtained using a continuous molecular beam with

lower velocity (2000 m/s) and approximately 500 times higher beam flux than
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previous pulsed beam experiments. This experimental data is interpreted to
construct a new air-carbon ablation model for use in hypersonic flight mod-
eling involving carbon heat shield ablation. The new model is a finite-rate
model where gas-surface reactions are dependent on the surface coverage of
adsorbed O and N atoms. The new model comprises 20 reaction mechanisms
describing reactions between impinging O, N, and O species and producing
scattered products including desorbed O and N atoms, O, and Ny molecules
formed by surface-catalyzed recombination, as well as CO, CO,, and CN re-
action products. Impinging Ny molecules are modeled as being inert. The
new surface-coverage dependent rate model exhibits non-Arrhenius reaction
probability behavior in agreement with the molecular beam and other exper-
imental observations.

All reaction mechanisms and reaction rate coefficients (selectivities, pre-
exponential factors, and activation energies) are described in detail and each
is supported by experimental evidence. Such modeling research would not be
possible without the unique capability of molecular beam facilities to study
individual gas-surface interactions, in contrast to high-enthalpy ablation test
facilities where measurements are the net result of many reaction processes.
The new model is constructed almost entirely based on molecular beam data,
which involves very low flux conditions, several orders of magnitude lower
than the expected flux in a hypersonic boundary layer. However, since the
model is surface-coverage dependent it naturally predicts pressure effects and
is tested for a wide range of temperatures and pressures relevant to hypersonic
flight conditions.

The main trends produced by the new air-ablation model include: (i) CO

50



is the dominant reaction product with probabilities ranging from 0.4 to 0.8,
(ii) COg is a minor reaction product especially above surface temperatures
of 1000 K, (iii) recombination of O atoms into Os molecules is predicted at
very low flux conditions but becomes negligible at moderate to high pressure
conditions, (iv) the probability of N-atom recombination into Ny molecules
is approximately 0.1, which is 10 times higher than the probability of CN
formation, (v) the probability of CN formation is approximately 0.01, which
is 100 times lower than CO production, except under very low flux molecular
beam conditions where the probability of forming CN rises as high as 0.1,
(vi) the reactivity of O2 molecules to form CO and COs is relatively small,
ranging from 0.001 to 0.1 and exhibiting strong pressure dependence, (vii) all
reaction products (except CO;) have non-Arrhenius behavior where reaction
probabilities increase with increasing surface temperature; however at high
temperatures the probability of reaction either plateaus or begins to decrease
due to loss of surface coverage. All of these main trends are shown to be in
agreement with data from molecular beam facilities and also with limited
data from inductively coupled plasma (ICP) wind tunnel facilities.

The new model has significant differences compared to the Zhluktov and
Abe (ZA) model [2], the most notable of which is that the ZA model pre-
dicts the dominant reaction product to be CO5 as discussed in prior research
[21]. The new model also has significant differences compared to the recent
model from Swaminathan-Gopalan et al., which was constructed based on
pulsed molecular beam experimental data. The key difference is that, over
the temperature range studied, the model of Swaminathan-Gopalan [27] pre-

dicts that the probability of CO formation always decreases with increasing
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surface temperature. Finally, the new model predicts a similar probability
trend for CO formation as the Park model [1] but a dramatically different
trend for CN production. Furthermore, the purpose of the new model is
to introduce surface-coverage dependence (pressure dependence) and non-
Arrhenius behavior that the Park model does not attempt to capture. The
new model builds on the previous oxygen-carbon model of Poovathingal et al.
[21] by incorporating the wealth of new molecular beam data for new species
and enables the simulation of dissociated air reacting with high temperature
carbon.

The new air-carbon ablation model is considerably more complex than
previous models that involved only O-atom reactions with carbon. There are
a number of effects predicted by the model that have no supporting experi-
mental evidence at this time, for example the prediction that at moderate to
high pressures N atoms may compete with O atoms for surface coverage and
reduce the CO production by 30% - 50% compared to pure oxygen conditions.
Additionally, the model does not include recombination of O and N atoms to
form NO molecules, as this reaction was not studied in the molecular beam
experiments. Ultimately, the model requires validation within CFD simula-
tions of high-enthalpy ablation experiments. For example, the probabilities
of CO formation and Ny recombination are quite high and it is possible that
with new experimental data in high-enthalpy facilities that such magnitudes
may need adjustment. However, the new model formulation and its ability
to capture pressure and temperature dependence through fundamental re-
action mechanisms can serve as a baseline model for ablation researchers to

continually improve for specific applications.
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When validating or modifying a finite-rate ablation model based on an
experiment, it is extremely important that the experimental environment
is well-characterized, including the freestream flow state and ultimately the
near-surface gas state. If the local flux of reactant species to the carbon
surface is specified inaccurately, and is not truly representative of the actual
flux in the experiment, then the air-carbon ablation model should not be

expected to agree with the measured recession rate or surface heat flux.
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