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S1. Freestream Species Composition

Species composition of the freestream flow was computed using PlasFlowSolver [1],
an ICP stagnation line code, with inputs of experimentally measured cold-wall heat flux,
stagnation pressure and static pressure. Table S1 presents the species composition of the
freestream flow for all the tested conditions. For the nitrogen tests, the flow is primarily
composed of molecular nitrogen with the amount of atomic nitrogen increasing with
torch power and stagnation pressure. Variations in mole fractions at the same condition
between FF and PICA can be observed due to slightly lower mass flow rates used for the
PICA tests.

For the air tests, the mole fraction of molecular oxygen is similar in order of magnitude
to that of atomic oxygen for condition 1A, with approximately 6.3% of the flow being
molecular oxygen and 15.3% being atomic oxygen. On the other hand, for conditions
2A-4A, the mole fraction of molecular oxygen is nearly negligible, causing atomic oxygen
to be more prevalent. NO mole fraction is an order of magnitude higher for conditions
1A and 4A due to either lower torch power (condition 1A) or higher chamber pressure
(condition 4A).
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Table S1: Freestream species mole fractions along stagnation line for all the test conditions, estimated
using PlasFlowSolver [1].

Condition Sample ID Material XN2 XN XO2 XO XNO

Nitrogen Plasma Tests
1N S1 FF 0.935 0.065 - - -
2N S2 FF 0.701 0.299 - - -
3N S3 FF 0.877 0.123 - - -
4N S4 FF 0.853 0.147 - - -
3N P1 PICA 0.876 0.124 - - -
1N P12 PICA 0.968 0.032 - - -
2N P13 PICA 0.765 0.234 - - -
3N P11 PICA 0.864 0.136 - - -

Air Plasma Tests
1A S13 FF 0.755 0.000 0.066 0.153 0.026
2A S12 FF 0.669 0.097 0.000 0.231 0.003
3A S10 FF 0.743 0.022 0.000 0.230 0.006
4A S11 FF 0.757 0.003 0.004 0.222 0.015
1A P7 PICA 0.755 0.000 0.063 0.156 0.026
2A P9 PICA 0.701 0.065 0.000 0.231 0.003
3A P14 PICA 0.748 0.016 0.000 0.229 0.006
4A P10 PICA 0.755 0.007 0.001 0.226 0.011

S2. Optical Emission Spectroscopy

S2.1. Nitrogen Plasma
Freestream OES measurements of the plasma jet are shown in Fig. S1. Since the

mass flow rate between the FiberForm (FF) experiments and the PICA experiments
were slightly different, OES for both test series showed variations in spectra. Spectral
features were labeled with corresponding atomic and molecular transitions based on the
NIST atomic spectra database and from literature [2, 3].

(a) Freestream OES for FF tests. (b) Freestream OES for PICA tests.

Figure S1: Freestream OES of nitrogen plasma for FF and PICA tests.

For the FF runs, freestream spectra show a strong signal of the first positive system
(FPS) of N2 and first negative system (FNS) of N2

+. At the lowest RF power and static

2



pressure (condition 1N), atomic nitrogen signal is negligible indicating a predominantly
molecular nitrogen plasma, and most of the emission signal is attributed to the N2 FPS
bands. As the RF power is increased, atomic nitrogen peaks are observed at 745, 821
and 869 nm for condition 2N. With increasing pressure at similar RF power (comparing
conditions 3N and 4N), atomic nitrogen signal emission increased slightly, due to increased
collisions at the higher pressure, causing N2 to dissociate [4].

Freestream spectra for the PICA tests show similar trends of N2 FPS and N2
+ FNS,

with increasing atomic nitrogen with power and pressure. However, as the mass flow rate
for the PICA runs was slightly lower, a higher RF power had to be used, causing the N2

+

FNS signal to be higher than the N2 FPS signal. Additionally, the presence of atomic
nitrogen is more pronounced for condition 2N than for the other two conditions.

(a) FF. (b) PICA.

Figure S2: OES of plasma ahead of stagnation point for (a) FF and (b) PICA after 10 seconds of
insertion.

Fig. S2 shows the OES spectra at the same location after 10 seconds of sample in-
sertion. For FF (in Fig. S2a), CN-violet emission is observed for all the conditions,
indicating reactions of the nitrogen plasma with the carbon fibers. A prominent sodium
signal is observed, which is a common contaminant in FF and is a highly radiating ele-
ment. Signs of Ca+ emission are observed which are also due to contaminants in FF [3].
Sputtered or sublimated carbon causes a doublet carbon peak centered around 767 nm
to appear. Finally, a lower extent of atomic nitrogen signal is seen due to reaction with
the carbon-fibers forming CN [3, 5–7] and due to overlapping Planck radiation from the
sample surface.

In the PICA tests, peaks from resin pyrolyzing and reacting with the plasma cause
NH and CH emission [3, 8] due to devolatilization of organic compounds at lower tem-
peratures [9]. The signal of NH and CH (relative to that of CN-violet) increases with
heat flux and is relatively similar at a higher pressure. The presence of C2-swan has also
been commonly observed for pyrolyzing phenolic resins and has been attributed to the
decomposition of methylene bridges during pyrolysis [10, 11].

S2.2. Air Plasma
OES measurements of the freestream plasma were taken with an exposure time of

200 ms, and are shown in Fig. S3. Similar to the nitrogen plasma tests, emission signal
from N2 FPS and N2

+ FNS is observed in all the cases for the air plasma tests. With
increasing RF power or static pressure, the signal of N2

+ FNS increases relative to that
of N2 FPS, along with increase in atomic nitrogen signal. Atomic oxygen signal is also
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observed in all the tests, with peaks at 777.2 nm and 844.6 nm. The intensity of the
O-atom peaks also increases with increase in RF power or chamber pressure.

Figure S3: Freestream OES for air plasma at the different test conditions.

OES spectra of FF and PICA after 10 seconds of insertion into the plasma are shown
in Fig. S4. For FF for conditions 2A and 4A, the signal was saturated due to using a
high exposure time of 50 ms, after which it was reduced to 7.5 ms for the other tests. FF
tests show peaks similar to those seen in the N2 tests, with CN-violet and sodium being
the dominant emitted species. In condition 3A, atomic nitrogen and oxygen are visible,
indicating possibly augmented heating on the surface due to surface recombination. For
the PICA tests, in addition to CN-violet and sodium, peaks from NH, CH and OH are
observed. In particular, OH signal appears which is not seen in the N2 plasma tests for
PICA.

(a) FF. (b) PICA.

Figure S4: OES of plasma ahead of stagnation point for (a) FF and (b) PICA after 10 seconds of
insertion.

S3. Cross-Section Images of PICA

S3.1. Nitrogen Plasma
Post-test PICA samples were sectioned to characterize the extent of pyrolysis as a

function of heat flux and pressure. Cross-sections of the samples are shown in Fig. S5.
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(a) Condition 1N, sample P12 (low
heat flux).

(b) Condition 3N, sample P11
(medium heat flux).

(c) Condition 2N, sample P13 (high
heat flux).

Figure S5: Cross-sections of PICA samples tested in N2 plasma.

From the cross-section images, virgin (non-pyrolyzed) and charred regions are clearly
distinguishable in the three samples. The cross-sections show that the extent of pyrolysis
increases with the heat flux of tests. Sample P12 (condition 1N) is pyrolyzed the least
and shows the regions seen in a typical ablative material, namely virgin, pyrolysis and
char zones. In sample P11 (condition 3N), a smaller virgin zone is visible with a larger
portion of the sample being charred. At the highest heat flux tested (condition 2N),
sample P13 is seen to be fully charred, with a possible indication of a thin pyrolysis zone
near the bottom of the sample.

In samples P12 and P11 where the pyrolysis front is clearly visible, it can observed
that the extent of pyrolysis is highest below the stagnation surface, followed by side-
heating of the sample causing pyrolysis to occur from the sides. Similar side-heating
was observed by Milos and Chen [12] and is non-negligible for modeling iso-Q material
response.

S3.2. Air Plasma
Post-test PICA samples were sectioned to observe the extent of pyrolysis as a function

of heat flux and pressure. Cross-sections of samples are shown in Fig. S6.

(a) Condition 1A,
sample P7

(low heat flux).

(b) Condition 3A,
sample P14

(medium heat flux).

(c) Condition 4A,
sample P10

(medium heat flux).

(d) Condition 2A,
sample P9

(high heat flux).

Figure S6: Cross-sections of PICA samples tested in air plasma.

From the cross-section images of post-test samples, the virgin, pyrolysis and char
regions of the samples can be identified. Compared to the N2 post-test cross-sections,
the extent of pyrolysis is seen to be higher for conditions 1 and 3 in the air tests. In the
air tests, with increasing heat flux, the extent of pyrolysis is seen to increase (comparing
samples P7 and P9). Similar extents of pyrolysis for samples P14 and P10 are observed
qualitatively when tested at similar heat fluxes but different pressures.

S3.3. Estimation of Pyrolysis Mass Loss
From the cross-section images of PICA, mass loss due to pyrolysis was estimated

following the methodology proposed by Ringel et al. [13], and is detailed below. The
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image is first thresholded to obtain a mask that distinguishes the virgin region from
the charred and partially pyrolyzed regions. A value of zero is assigned to the pixels
that are in the fully charred region, and a value of unity is assigned to the pixels in the
virgin region. For pixels that have colors between the virgin and char values, a linear
gradient is mapped to account for regions containing partially charred phenolic. From the
2-dimensional mask, the fraction of the mask containing resin (fr) is computed. Volume
of the mask (Vmask) is estimated by revolving the 2-dimensional mask about the center
of the sample, assuming that the samples pyrolyze in an axi-symmetric manner. The
post-test mass of resin in the masked volume was then calculated as:

mres,f = frρresVmask (1)
Here, ρres is the density of the resin phase and is the difference of PICA and FF densities.
PICA density (ρP ICA) was calculated using the initial mass and volume of each virgin
sample, and an average FF density ( ¯ρF F ) was calculated using the average mass of all
the FF samples tested (= 163.5 kg/m3). Additionally, the mass of the resin (mres,0) in a
virgin PICA sample can be calculated as the difference of the mass of the PICA sample
and the average mass of the FF samples. From the initial and final resin mass, the mass
loss due to pyrolysis was computed as:

∆mpyro = (mres,0 − mres,f )(1 − χ) (2)
Here χ is the char yield of the phenolic resin in PICA, estimated to lie between 48% and
54%, and vary with heating rates as suggested by Guiles et al. [14]. Hence, for this study,
a nominal value of 51% with ± 3% uncertainty was used for χ. From total mass loss
of PICA samples, the mass loss due to recession in air plasma can then be obtained by
subtracting the pyrolysis mass loss assuming negligible in-depth oxidation. Additionally,
from the post-test sample mass (mf ), volume (Vf ), resin mass (mres,f ), and volume of
unpyrolyzed resin (Vres,f ), the density of the charred PICA can be estimated neglecting
in-depth oxidation, as:

ρchar = mf − mres,f − ρ̄F F ∗ Vres,f

Vf − Vres,f

(3)

Table S2 summarizes the contributions of pyrolysis and recession to mass loss along
with char density of the PICA samples. From the char density of each PICA sample
and the volume computed as a function of test time from the test video, the mass loss
only due to recession of charred PICA while exposed to air plasma was estimated, and is
presented in Fig. 18b of the main paper.

S4. Thiele Number Definition and Assumptions

The Thiele number is defined as [15]:

Φ = L√
Deff

sf kf

(4)

where L is a characteristic length of the sample, taken as the diameter (40 mm); sf is the
specific surface area of FiberForm (FF), computed from micro-CT as 54,223 m2/m3 [16];
and kf is the fiber reactivity, modeled using Arrhenius kinetics.
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Table S2: Estimates of mass loss due to pyrolysis and surface recession, along with char density

Sample ID ∆mpyro [g] ∆mrecession [g] ∆mpyro

∆mtot
[%] Char density

[g/cm3]
P12 1.311 ± 0.080 0 95.93 ± 5.87 0.2267
P13 1.621 ± 0.010 0 98.52 ± 6.03 0.2168
P11 1.473 ± 0.091 0 97.43 ± 5.96 0.2139
P7 1.417 ± 0.087 0.379 ± 0.087 78.91 ± 4.83 0.2327
P9 1.56 ± 0.0955 1.073 ± 0.0955 59.25 ± 3.63 0.2274
P14 1.627 ± 0.10 0.401 ± 0.10 80.20 ± 4.91 0.2344
P10 1.605 ± 0.098 0.1062 ± 0.098 93.79 ± 5.74 0.2466

Atomic oxygen is highly reactive and primarily drives surface reactions, whereas
molecular oxygen—though less reactive—can penetrate deeper into the porous structure
due to similar diffusivity [17]. Therefore, the rate-limiting step for in-depth oxidation is
assumed to be the reaction of molecular oxygen with carbon fibers:

C(s) + 1
2 O2 −−→ CO (5)

with the rate given by the Park Arrhenius model [18]:

kCO
f,O2 = 100 exp

(
−1.2 × 105

RuT

)
(6)

The effective diffusivity Deff is expressed as:

Deff = ε

η
Dref , (7)

where:

• Porosity (ε): For FF, ε is assumed to be 0.90 [6, 18].

• Reference Diffusivity (Dref): Taken as the mixture-averaged diffusion coefficient
of O2 in air computed using Mutation++ [19] using local temperature and pressure.

• Tortuosity (η): Approximated using the Bosanquet relation [20]:

η = ηb + ηKn · Kn

1 + Kn
(8)

with {ηb, ηKn} from [18] as {1.1, 1.95} for through-thickness and {1.06, 1.64} for
in-plane directions.
Here, the Knudsen number is:

Kn = λ̄

dp

= 1
dp

· 9.5 × 10−8 · 105T

298p
(9)

where dp is the pore size, taken as 50 µm for FF [6, 18]. Thus, some parameters
depend only on temperature (e.g., fiber reactivity), while others depend on both
temperature and pressure (e.g., Kn, η, Dref ).
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S4.1. Flow-Field Simulations for Thiele Number Estimation
To obtain the stagnation pressure profile along the iso-Q surface, simulations of the

Plasmatron X flow field were performed using the multi-physics framework developed
by Munafò et al. [21], capable of simulating inductively-coupled plasma flows. Using
the approach and computational domain specified in our previous work [22], simulations
were performed in air plasma for the 40 mm iso-Q sample geometry for the four test
conditions, assuming non-local thermodynamic equilibrium. For the simulations, the
delivered torch power, mass flow rate, and chamber pressure were specified based on
experimental operating conditions in Table 2 of the main paper. An isothermal boundary
condition was imposed at the stagnation surface of the sample with a fixed hot-wall
temperature based on pyrometer measurements. On the side surface of the samples, a
similar isothermal boundary condition with a temperature of 1473 K was imposed. From
the simulations, pressure profiles along the sample surface were extracted and used for
the Thiele number analysis. Further details on the simulation framework, computational
domain, and boundary conditions are reported in [22].
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