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ABSTRACT

Gas–surface interactions between thermal protection materials and high-enthalpy nonequilibrium flow are one of the greatest challenges in
accurately predicting aerodynamic heating during supersonic flights. Finer microscopic details of flow properties are required for elaborate
simulation of these interactions. Spectral insight, with quantum-state-specific characteristics, is provided in this work to investigate the
physico-chemical processes in high temperature interface of a carbon/carbon (C/C) composite. The nonequilibrium air flow is produced by a
1.2 MW inductively coupled plasma wind tunnel at an enthalpy of 20.08 MJ/kg. The duration of each test is up to 100 s, and quartz is also
tested for comparison. Spectral insights into the reaction mechanisms of the gas–surface interactions are acquired by the optical emission
spectroscopy and laser absorption spectroscopy. Dynamic evolution of the chemical reaction pathways and thermal nonequilibrium are dis-
cussed based on the results of optical emission spectroscopy. Temporally and spatially resolved results of the translational temperature and
number density of atomic oxygen are quantified by laser absorption spectroscopy. Controlling mechanisms in the surface chemistry are fur-
ther analyzed in conjunction with the surface temperature, scanning electron microscopy, and energy dispersive spectroscopy. Reaction
mechanisms on the C/C composite surface sequentially experience an oxidation-dominant, an intense competitive, a nitridation-dominant,
and a recession dominant period. Distributions in the axial direction and dynamic characteristics of the translational temperature and num-
ber density of atomic oxygen are found closely related with surface swelling, recession, and chemical reactions. The results herein are consis-
tent with each other and are instructive to further investigate the interface evolution on C/C composites.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166977

NOMENCLATURE

Aul Einstein coefficient (s�1)
Aint Integrated absorbance (cm�1)

c Light velocity (m/s)
El Lower state energy (eV)

F(v0,J0) Rotational energy (J)
G(v0) Vibrational energy (J)

gl Lower state degeneracy
gu Upper state degeneracy

Iv
0;J 0

v00;J 00 Emission intensity

k Boltzmann constant (J/K)

kv Absorption coefficient (cm�1)
L Absorption length (cm)
M Atomic mass (kg/mol)
nl lower state number density (cm�1)

Qel Electronic partition function of an atom
QO

el Electronic partition function of atomic oxygen

SJ
0
J 00 H€onl–London factor

TLTE Temperature at the LTE (K)
Trot Rotational temperature (K)
TS Surface temperature (K)
Ttr Translational temperature (K)
Tvib Vibrational temperature (K)
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x Distance from the stagnation�n point (mm)0
DvD Doppler broadening (cm�1)
k0 Central wavelength of the transition (nm)
v Wavenumber (cm�1)
v0 Central wavenumber (cm�1)

(v0,J0) Vibrational and rotational quantum numbers in the upper
level

(v00,J00) Vibrational and rotational quantum numbers in the lower
level

I. INTRODUCTION

Carbon/carbon (C/C) composite is one of the most promising
high temperature thermal protection materials for supersonic heat
shielding applications.1,2 Due to their exceptional advantages of chemi-
cal and thermal resistance, excellent mechanical properties at elevated
temperature as well as low densities,3–7 C/C composites, are used to
equip at high temperature regions such as the nose tips and wing lead-
ing edges.8–11

Further applications of C/C composites are mainly restricted by
incomplete knowledge of the gas–surface interactions, which consist of
complex physico-chemical processes including sublimation, oxidation,
nitridation, and catalysis.12–18 For the first three reaction types,5 reac-
tions occur between the flow particles and C/C surface. Products from
these reactions couple to the chemically reactive boundary layer, form-
ing a mutually interactive dynamic interface.17,19 For reactions of cata-
lytic recombination, C/C surface serves as a catalyst to trigger the
catalytic recombination between the dissociated atoms.20,21 The chemi-
cal energy released from these catalytic reactions strongly augments
the aerothermal heating.22 All these reactions substantially alter the
surface properties and the heat flux.2 It can be concluded that gas–
surface interactions are involved with multi-field coupling (of
thermal–mechanical–chemical processes) and multi-scale coupling (of
macroscopic flow structure and microscopic reactions).17,23 Current
simulation works have difficulty to accurately predict the properties of
the interface. Experimental investigations are, therefore, essential
because they can directly reflect the elementary processes of the
interface.

Past experimental efforts to characterize gas–surface interactions
of carbon-based materials mainly used two approaches: non-
spectroscopic and spectroscopic. In the non-spectroscopic approach,
the oxidation behavior or catalytic effect of the material was generally
characterized by the surface temperature, recession rate, and heat
flux.7 Comparisons were made between various heating conditions,
exposure times, and material types to analyze the controlling factors of
the thermal response. In this approach, analysis of the reaction mecha-
nisms and corresponding parameters, such as the oxidation rate,
strongly depended on comparisons2,24 or combinations6,20,25 with
numerical simulations. This might lead to unphysical results because
of the assumptions in simulations.20 Additionally, this approach lim-
ited the analysis of interactions to a speculative description. Important
parameters that are directly related to the reaction mechanisms, such
as the plasma temperature, atomic number density, and emission char-
acteristics, are, therefore, needed.26

Macroscopic observations of the physical world regarding gas–
surface interactions directly associate with the microscopic world of
transitions between quantum-states. A spectroscopic approach, with
quantum-state-specific characteristics, can provide molecular-level

insights into physico-chemical phenomena. Optical emission spectros-
copy (OES) and two-photon absorption laser-induced fluorescence
(TALIF) are two major techniques in spectroscopic approach. Based
on the relationship between the atomic number density and intensity
of the signal, both techniques aimed to inform species distributions
adjacent to the material surface on a microscopic scale. In most work
using OES, analysis was mainly focused on the flow structure of the
interface,10,27,28 the detection ability of OES regarding dynamic
changes of the thermal nonequilibrium and reaction processes was not
fully used. TALIF was often used to evaluate catalytic properties21,29

but was rarely used to characterize oxidation in the ablative layer of
carbon-based materials. Based on the mass balance assumption
between the arriving diffusive flux and the recombination consump-
tion rate, TALIF obtained catalytic efficiency of the targeted species.
However, since the conversion of the integrated fluorescence intensity
detected by TALIF to the absolute atomic number density required
additional complex measurements of the fluorescence lifetime, beam
diameter, and detection efficiency,30 the atomic number density was
replaced by the integrated emission intensity, neglecting the coefficient
between the number density and integrated emission intensity.
Additionally, the bulky and sophisticated experimental equipment of
TALIF hindered the development of in-flight sensors for future appli-
cations. In OES and TALIF, the problem of directly quantifying the
atomic number density is still complicated, particularly in high
enthalpy flow. Moreover, these methods lack further applications to
the gas–surface interactions on thermal protection materials, especially
in large-scale high-enthalpy plasma facilities.

Consequently, to properly characterize the interface evolution on
C/C composite, accurate detection of the quantitative number density
and its dynamic variations under the high-enthalpy supersonic flow is
paramount. For thermochemistry investigations of reactive flows, laser
absorption spectroscopy (LAS) is a promising technique for quantify-
ing the ground-state number density of targeted atoms and molecules
under extreme conditions. Due to its advantages of high fidelity, fast
response, robustness, and compactness,31–33 LAS has been applied to
characterize the performance of plasma flow properties,34 atmospheric
monitoring,35 engines,36–38 and coal gasifiers39 over the past two deca-
des. Considering the direct relationship to reactive nature of the gas–
surface interactions concerned in this study,40 OES is combined with
LAS to propose an OES/LAS method, enabling both the qualitative
multiple-species sensing and quantitative species-selective sensing
under high-enthalpy flow. The feasibility of this coupled spectral
method has been identified in a high-temperature interface on a silicon
carbide surface in our previous study.41

In this study, a deeper understanding of the gas–surface interac-
tions on a C/C composite is achieved based on spectroscopic insights
by OES/LAS method. High enthalpy, nonequilibrium flow is provided
by a 1.2MW inductively coupled plasma (ICP) wind tunnel at the
China Academy of Aerospace Aerodynamics (CAAA),41 with the stag-
nation enthalpy of 20.08MJ/kg. The duration of each test is up to 100 s
to investigate the dynamic characteristics of the interactions. Quartz is
also tested for comparison because of its relatively low reactivity.42 To
reveal the reaction mechanisms and thermal nonequilibrium state on a
molecular scale, dynamic variations of emission spectra from impor-
tant reaction particles are identified by OES. Spectral insights of the
chemical behavior of atomic oxygen and its relationship to surface var-
iations are provided by quantitative results of the translational
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temperature and number density through LAS. Finally, controlling
mechanisms of the surface chemistry are discussed in combination
with the surface temperature, scanning electron microscopy (SEM),
and energy dispersive spectroscopy (EDS).

II. STRATEGY FOR PROVIDING SPECTRAL INSIGHTS

Details of our strategy are introduced as shown in Fig. 1. It con-
sists of two parts: spectroscopic and traditional measurements. The
former, including OES and LAS, provides spectral insights into the
interactions, which informs the reaction behavior of the excited
particles. The latter provides a macroscopic perspective of the high-
temperature interface. In spectroscopic measurements, OES simulta-
neously records the emission spectra over a wide wavelength range
and finer spectra in a specific range. The former spectra characterize
dynamic trends of multiple species for identifying the dominant reac-
tion mechanisms. The latter determines rotational temperature (Trot)
and vibrational temperature (Tvib) in combination with simulated
spectra based on the OES theory: Assuming the energy levels follow a
Boltzmann distribution, the emission intensity can be described by

Iv
0;J 0

v00;J 00 / vv
0;J 00
v00 ;J 00

� �4
SJ

0
J 00 exp � F v0; J 0ð Þ

kTr
� G v0ð Þ

kTv

 !
: (1)

Spectroscopic parameters in this equation are listed in the
Nomenclature and detailed information regarding OES theory is pre-
sented in Ref. 43.

Time series of raw LAS signals adjacent to the sample surface
depicts the dynamic profile variations including swelling and recession.
Additionally, quantitative results of the translational temperature and
atomic number density reveal the elaborate reaction processes at the
interface. In this work, the transition line of atomic oxygen from 3s5S02
to 3p5P3,2,1 at the wavelength of 777.19 nm is chosen,2,6,25,44,45 the

reasons for which are discussed in our previous work.41 Some of the
important expressions in LAS are succinctly presented here as an illus-
tration. The Doppler broadening under this condition is estimated to
be nearly three orders of magnitude larger than the Stark broadening
(at ne of 10

13 cm3).41 Hence, the Ttr (assumed to be equal to the local
excitation temperature) is obtained from Doppler broadening in the
detected absorption profile46,47

DvD ¼ 7:1623� 10�7v0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ttr=M

p
; (2)

where DvD (cm�1) is the Doppler broadening, v0 (cm
�1) is the central

wavenumber of the transition, and M is the atomic mass of the tar-
geted species. The number density of the atom was then obtained from
the integrated absorbance Aint (cm

�1) (which is deduced from the
Doppler profile fitting)

nl ¼ Aint

k04L gu=glð Þ Aul=8pcð Þ ¼

ð
kvdv

k04 gu=glð Þ Aul=8pcð Þ ; (3)

where nl (cm
�3) is the lower state number density of the atom, k0

(nm) is the central wavelength of the transition, L (cm) is the absorp-
tion length, gl is the lower state degeneracy, gu is the upper state degen-
eracy, Aul (s

�1) is the Einstein coefficient of the transition, c (cm/s) is
the light velocity, and kv (cm

�1) is the absorption coefficient at the fre-
quency v (s�1). For gases assumed to be in local thermodynamic equi-
librium (LTE), the lower state number density nl is converted into the
total number density nO by using the Boltzmann distribution48–52

nl
nO

¼ gl
QO

exp � El
kBT

� �
; (4)

where El is the lower state energy and QO is the electronic partition
function of atomic oxygen. Theoretically, the partition function is

FIG. 1. Schematic of the strategy for obtaining the spectral insights.
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defined as a function of each energy level j and temperature at the
LTE, TLTE

48,53

Qel ¼
X1
j

gj exp � Ej
kBTLTE

� �
: (5)

Here, the electronic partition function of atomic oxygen is written as
limited expansions of several levels54–56

QO
el Tð Þ ¼ 5þ 3 exp �228=TLTEð Þ þ exp �326=TLTEð Þ

þ O exp �23000=TLTEð Þð Þ: (6)

To capture additional information of the highly reactive boundary
layer, traditional measurements including surface temperature, video
records, SEM, and EDS are also used. Finally, the OES/LAS method is
expected to reveal complex mechanisms of the dominant reaction
pathways, reaction processes, thermal nonequilibrium, surface swell-
ing, and recession as well as their relationships to the surface tempera-
ture of the C/C composite.

III. EXPERIMENTAL SETUP

The gas–surface interactions of the C/C composite are investi-
gated in a supersonic plasma flow produced by the 1.2MW ICP wind
tunnel at CAAA, a schematic view of the experimental setup for in situ
measurements is shown in Fig. 2. The entire experimental system con-
sists of four subsystems: the ICP wind tunnel system, optical diagnostic
system, surface temperature, and video records and test specimens.

A. 1.2MW ICP wind tunnel

The ICP wind tunnel consists of an ICP torch, a supersonic noz-
zle, a test chamber, and a vacuum system. The ICP torch is powered
by a high-frequency (400kHz), high-power (1.2MW), and high-
voltage (2 kV) generator; enabling long-duration high-enthalpy plasma
heating (up to tens of minutes). Before the air injection, argon is intro-
duced and discharged to form a high degree of ionization. This ioniza-
tion increases the density of plasma electrons and electrical
conductivity of plasma, which make it easier to dissociate the air.57

Standard air (79% N2 and 21% O2) is radially injected into the ICP
generator. The gas is compressed and expanded through the nozzle,
generating a high enthalpy plasma flow. Flow conditions are listed in
Table I.

FIG. 2. Schematic of the experimental setup of the 1.2 MW wind tunnel at the CAAA (not to scale). LAS: laser absorption spectroscopy. OES: optical emission spectroscopy.
CCD: charge-coupled device camera.

TABLE I. Test conditions of the ICP wind tunnel.

Property Value

Inductive heater power 650.0 kW
Mass flow rate 12.84 g/s
Flow speed 2–2.5 km/s

Mach number 2.1
Static pressure �200 Pa

Stagnation enthalpy 20.08MJ/kg
Heat flux 1.0MW/m2
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To prevent overheating of the induction coil, high-pressure cooling
water is supplied. The test chamber is sufficiently large enough to con-
tain the entire plasma stream. Multiple quartz windows in the chamber
wall enable sophisticated and non-intrusive diagnostics. A water-cooled
sample holder is installed in a 1.2� 1.2� 2 m3 sized water-cooled test
chamber at an axial distance of 140mm from the nozzle exit. Copper
samples in the same configuration are injected into the flow to measure
the stagnation pressure and heat flux under the same experimental con-
ditions. When the wind tunnel starts to steadily generate high-enthalpy
plasma, the test sample is injected into the plasma flow and is dragged
out of the flow before shutting off the wind tunnel.

B. Spectral diagnostic system

The optical pathways of both the OES and LAS system are perpen-
dicular to the centerline of the plasma stream. The acquisition and shut-
off of the OES and LAS systems are triggered by a control terminal. The
OES system is focused on the optical radiation at the stagnation point
with the targeting point of approximately 2mm. The radiation emitted
from the excited particles is collected by a lens (focal length: 1m), which
is then detected by two spectrometers. The adjustable attenuator pre-
vents saturation and, thus, ensures suitable emission intensity. The first
type of the spectrometers (Ocean Optics, QE65 Pro) equipped with a
charge-coupled device camera (CCD) detects spectra covering a wide
wavelength range (200–900nm) with spectral resolution of 1.2nm.
Another spectrometer (Avantes, AvaSpec-UL2048CL-RS-EVO) records
the finer spectra over a narrower wavelength range (360–400nm) with
3600 lines/mm grating and spectral resolution of 0.06–0.08nm. The
detected emission intensity is calibrated in relative intensity with a NIST
traceable quartz–tungsten–halogen standard reference lamp (model
63945, Oriel Instruments, Stratford, CT).

The LAS system consists of the laser emission assembly and
detection assembly. Both are mounted onto translational stages (indi-
cated with gray arrows in Fig. 2) to precisely control the axial detection
position. In the laser emission assembly, the signal generator
(Tektronix, AFG3101) provides a continuous periodic ramp signal at
500Hz to the laser controller (Thorlabs, model ITC-502). A laser with
0.7–1.0MHz linewidth (Photodigm, PH778DBR020BF) is modulated

by the signal generator and controller through temperature and cur-
rent control to cover the targeted wavelength at 777.19nm. The first
beam of the laser is directed into the plasma flow through the quartz
window. The other beam is directed to a Fabry–P�erot interferometer
(Thorlabs, FPSA200-6A-1, 1.5GHz free spectral range) and, finally,
collects with a photodetector (Thorlabs, PDA36A2) to calibrate the abso-
lute wavelength. In the detection assembly, the transmitted laser from the
test chamber is collected by a photodetector after focused and filtered by
a collimated mirror and a narrow band filter (NBF) with a bandwidth of
10nm. The signals are detected by the acquisition and processing system
through cables at an acquisition rate of 200kHz. LAS is deployed at vari-
ous axial distances from the sample surface, enabling spatially resolved
detection both adjacent to the surface and in the boundary layer. The
centerline of the plasma flow is denoted as the x coordinate. The position
at which half of the laser beam is hindered by the sample surface is noted
as the starting point of the x coordinate: x¼ 0mm.

C. Surface temperature and video records

Surface temperature is an important parameter reflecting heat
response of the surface on a macroscopic scale. More information
regarding reaction mechanisms can be found when spectroscopic mea-
surements are combined with the surface temperature. Surface temper-
ature measurements are carried out using an optical pyrometer
(FLUKE Endurance Series, E1MH-F2-L-0-0) allowing detection from
540 to 3000 �C. The temperature data are recorded every 0.1 s with the
emissivity and transmissivity set to 0.9 and 1.0, respectively.
Calibrations of the pyrometer are performed with a blackbody radia-
tion source. Additionally, a high-definition (HD) digital camera
(Canon 5D Mark III) is used to record the flow structure variations
during the entire heating process, and the camera is placed perpendic-
ular to the plasma stream.

D. Test specimens

Figure 3 shows the sample geometry and visual appearance of the
tested samples. Both samples feature a cylindrical diameter of 50mm
with a 30mm-long cylinder and a corner radius of 8mm. The bottom
cylinder attached to the body is designed for sample insertion in the

FIG. 3. Shape of the samples: (a) Design graphics and (b) photos of the C/C composite (left) and quartz (right).
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holder. Figure 3(a) shows the dimensions of the sample, the plasma
stream direction, and the stagnation line coinciding with the plasma
flow. The corresponding digital photographs of the samples are shown
in Fig. 3(b). Since the C/C composite is manufactured with 2D needle
punching technique, the material surface consists of a net structure
with perpendicular-crossed fibers.

IV. RESULTS AND DISCUSSION

A. Video images, surface temperature, and visual
inspection

Figure 4 shows snapshots of video records and surface tempera-
ture variations during the entire heating period. The C/C composite

FIG. 4. Video images at critical heating times and time variations of the surface temperature: (a) images of quartz, (b) surface temperature, and (c) images of C/C composite.
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and quartz exhibit apparently different temperature responses under the
same heating conditions. Regarding the quartz sample (the blue line),
the surface temperature abruptly increases to nearly 1300K as the sam-
ple is inserted into the plasma flow. During the following heating pro-
cess, the variation curve of the surface temperature exhibits a slowly
increasing trend, which starts from around 1250K and finally ends at
nearly 1350K. The transmittance of the quartz surface becomes higher
due to surface chemistry as discussed subsequently. The detection spot
of the pyrometer is targeted at the cooling holder. Hence, the practical
surface temperature on quartz is likely to be higher than the experimen-
tal results. Regarding the C/C composite (black line), the surface temper-
ature has a similar abrupt increase as quartz at the sudden sample
insertion. After 10 s of plasma heating, the temperature increases around
200K every 10 s, exceeding 1800K after heating for 40 s. The increasing
rate of the surface temperature on the C/C composite significantly
becomes lower with the prolongation of the test time, which gradually
reaches a steady state upon a heating time of 80 s. The surface tempera-
ture finally reaches 2075K before the sample is withdrawn from the
plasma flow. These temperature results indicate that the C/C composite
exhibits a substantially higher increasing rate during the whole heating
process and a nearly 700K higher temperature peak compared with
quartz. Such observations are associated with the lower thermal conduc-
tivity and higher temperature resistance of the C/C composite compared
with quartz,7 which might result from the higher oxidation/catalytic rate
on the C/C surface since most of these reactions are exothermic.

Video snapshots at critical moments during the heating related to
surface temperature are shown in Figs. 4(a) and 4(c) for quartz and C/C
composite, respectively. Since the HD digital camera is operated in auto-
matic adjustment mode, the radiation brightness in each image does not
directly correspond to the temperature. Nevertheless, the brightness pat-
tern distributions in these snapshots still indicate the temperature distri-
butions around and within the sample. The radiation intensity is high at
the corner of the quartz sample, which increases slightly in brightness as
heating continues. Additionally, the profile of the sample surface gradu-
ally becomes increasingly clear, indicating subtle changes in the surface
mechanical properties. Regarding the video images of the C/C compos-
ite, the radiation intensity changes significantly as the heating proceeds.
At the beginning of the plasma heating, the emission intensity is focused
at the sample surface. As the heating continued, the brightness patterns
significantly increased and rapidly extended axially along the sample
surface. The radiation intensity in the boundary layer becomes less than
the intensity emitted from C/C surface. Changes in these video images
are consistent with the surface temperature variations.

Images of the pretest and posttest sample are shown in Fig. 5.
Compared with the image of the pretest sample, the posttest image
[Fig. 5(b)] shows a slight curvature of the C/C fiber. SEM inspection in
Fig. 6 shows substantial thinning of the carbon fibers, creating a larger
space interval between the fibers. Additionally, there is a sharp cone
feature similar to an icicle shape at the fiber tip. These results are simi-
lar to those reported in the research.10,20 All of these phenomena indi-
cate air ablation on C/C composite during the plasma heating. The
EDS results show that the mole fraction of the carbon is larger than
90% both before and after the test, indicating that nearly no particles
in the outer gas remain in the C/C fiber layer.

B. Optical emission spectroscopy

1. Emission spectra

Figure 7 shows static spectra in both the wide wavelength range
of 200–900nm and the narrow wavelength range of 360–400nm dur-
ing plasma heating. In Fig. 7(a), sharp emission lines of atomic oxygen

FIG. 5. Digital photographs of the C/C composite.

FIG. 6. SEM images of the C/C composite.

FIG. 7. Emission spectra at the stagnation point: (a) spectra covering the wide
wavelength range (200–900 nm) and (b) finer spectra in the ultraviolet spectral
region of 360–400 nm.
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and nitrogen are detected in the near-infrared region of the quartz sam-
ple, indicating that the air was dissociated. For C/C composite, atomic
emission lines in the near-infrared region are relatively weaker than that
in the ultraviolet region. Finer structure of the spectra in this narrow
wavelength range is shown in Fig. 7(b). Strong emission of the silicon
(Si) and silicon monoxide (SiO) are evident in the quartz sample; these
lines probably originate from sample fabrication and subtle melting, as
illustrated in our previous work.41 For C/C composite, the radiative
spectrum is dominated by strong emission of the electronically excited
cyanogen (CN) violet (B2

Pþ ! X2Pþ) system. CN emission is an
important identification of chemical reactions between gases and material
surfaces. This product is thought to arise from the mixing and reaction of
carbon-rich gas mixtures with excited nitrogen from the shock layer.10

2. Rotational temperature Trot and vibrational
temperature Tvib of CN

Figure 8(a) plots four normalized emission spectra of CN at heat-
ing times of 20, 40, 60, and 80 s. The emission intensity remains nearly
stable over this heating period, illustrating that the Trot and Tvib were
stable in the heating period. With a significant increase in the surface
temperature, such phenomena might resort to high excitation energy
of the rotational and vibrational modes. Trot and Tvib of CN are
thought to closely reflect the convective heating at the interface. The
emission spectra at 60 s are selected to deduce the representative Trot
and Tvib of CN compared with simulated spectra. Trot and Tvib as well
as other simulating parameters are adjusted until the synthetic spectra
conformed to the experimental one. Finally, Trot is determined to be
8600K, and Tvib is 10000K. Measurement uncertainty of Trot and Tvib
is estimated to be less than 1% and 8%, respectively.58 This discrepancy
between Trot and Tvib is indicative of the thermal nonequilibrium in
the plasma flow at the interface (further analyzed in the context of the
translational temperature of atomic oxygen in Sec. IVC2).
Additionally, the time stability of the temperatures indicates that the
dynamic emission intensity of CN directly corresponds to its density
variations, which facilitates the subsequent reaction analysis.

3. Chemical reaction mechanisms on C/C composite

Figure 9 shows integrated emission intensity variations of atomic
oxygen at 777.19nm (denoted as O in the following analysis) on quartz
surface. Figure 10 shows the variations of O, CN (around 390nm),
and surface temperature on the C/C composite. For quartz sample, the

intensity of atomic oxygen quickly decreases to a stable value after 10 s
of heating, showing that the quartz possesses a low reactivity.

The surface temperature strongly affects the chemical reaction
rate on C/C composite.7 At the time of sample insertion, the intensity
of O abruptly increases over 10-fold, whereas the intensity of CN
exhibits only a slight increase. Such phenomena indicate that the
chemical reactivity of O is easily excited since the surface temperature
only jumps to around 1200K. When the surface temperature reaches
1500K within the initial 20 s of heating, the maximum value of O
sharply decreases while the CN intensity gradually increased. These
trends indicate that the oxidation reactions are increasingly facilitated;
intense chemical interactions emerge between the atomic oxygen and
ablative particles in the carbonaceous flow. Simultaneously, the nitrida-
tion reactions are somewhat facilitated at such surface temperatures.
Over the heating time of 20–40 s, the intensity of O slightly increases,
and there is an inflection point at 20 s. Furthermore, the increasing
rate of the CN intensity becomes slower. In this period, it is inferred
that there exists intense competition between complex chemical reac-
tions, including oxidation, nitridation, and catalysis, which continues
to be enhanced with temperature rise. Such phenomena induce further
transitions of chemical processes and continuous surface temperature
increases. In the final heating period between 40 and 92 s, no signifi-
cant changes but a slight decrease are observed in the atomic oxygen

FIG. 8. Spectral structure of CN: (a)
Normalized spectra of CN at heating times
of 20, 40, 60, and 80 s; (b) Trot and Tvib of
CN derived from Lifbase.

FIG. 9. Time series of the integrated emission intensity of atomic oxygen
(777.19 nm) on quartz.
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intensity, indicating that the consumption of atomic oxygen gradually
stabilizes. Whereas for CN, the intensity sharply increases from 40 to
60 s and subsequently decreases over the remaining heating period.

The increasing trend of CN emission intensity indicates that the
chemical reactions have turned into the nitridation-dominant process.
Since the surface temperature during this period reaches a high value of
around 1900K, the nitridation reaction is substantially enhanced, facili-
tating production of CN. The decreasing trend might relate to surface
recession of the C/C composite (further analyzed in LAS results in Sec.
IVC). Finally, the dominant surface chemistry at the OES detection
location in the plasma heating can be inferred as shown in Table II:59,60

C. Laser absorption spectroscopy

1. Surface profile variations by raw data analysis

Valuable information on surface profile variations is obtained
based on the detected laser intensity at the stagnation point
(x¼ 0mm) as shown in Fig. 11. As the sample is inserted into the
plasma flow, nearly half of the laser beam is hindered by the sample
surface, a corresponding decrease is found in the laser intensity.
Within the first 25 s of heating, the profile of the intensity peak gradu-
ally decreases, indicating that the surface leading edge gradually swells.

Hence, the detection location of OES is increasingly close to the sur-
face, where the consumption rate of atomic oxygen increases and the
measurement solid angle becomes smaller. Such phenomena provide
the other two reasons for the abrupt decrease in the O emission inten-
sity (Fig. 10). The surface swelling is the bulk effect of physical charac-
teristics and chemical heat release, as discussed in Sec. IVB 3. During
the oxidation and decomposition process, some of the combinations
between atomic oxygen and carbon as well as carbon evaporation
occur in the inner layer of the composite. Such processes induce the
development of pressure in the inner layer of the composite due to the
penetration of reaction gaseous products through the fibers. This
increasing pressure creates volume expansion in the carbon matrix.5

During the 20–30 s interval, a turning point is observed in the
laser intensity, which is caused by the intense competition between
thermal swelling as well as carbon-consuming and non-consuming
reactions (as illustrated in Sec. IVB3). The intensity begins gradually
increasing from 25 s, indicating that the atomic carbon at the leading
edge is gradually consumed by nitridation at high surface temperature.
Notably, the intensity reaches the initial value after the sample inser-
tion at around 65 s, indicating that the surface leading edge recedes to
the initial location. The OES detection point emerges from the sample
surface, allowing additional emission signals to be detected. Such phe-
nomena serve as another reason for the sharp increase in the CN emis-
sion intensity in the heating period of around 40–60 s. In the
remaining heating period, the laser intensity continues to increase,
indicating continuous recession of the surface profile. Such process
results in the departure of the detection location from the stagnation
point where intense chemical reactions occur. Hence, the CN emission
quickly decreases over the 60–90 s as shown in Fig. 10. As the sample
is drawn out of the plasma flow, the laser intensity nearly reaches the
value as before sample insertion, indicating that the test sample experi-
ences surface recession of nearly 0.5mm within the whole period of
plasma heating. Based on the analysis above, raw data provided by

FIG. 10. Time series of the integrated emission intensity of (a) atomic oxygen
(777.19 nm), (b) CN, and (c) surface temperature on the C/C composite.

TABLE II. Surface chemistry determined by OES results.

0–20 s oxidation dominant 20–40 s intense competition 40–60 s nitridation dominant 60–92 s surface recession

(1) C þ O! CO (1) C þ O ! CO (1) C þ N! CN (1) C þ N! CN
(2) O þ O! O2 (2) C þN2 ! CN þ N (2) C þ N2 ! CN þ N
(3) C þ N ! CN (3) CO þ N! CN þ O (3) CO þ N! CN þ O
(4) C þ N2! CN þ N
(5) CO þ N ! CN þ O

FIG. 11. Dynamic variations of raw data of the laser intensity detected by the LAS
system.
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LAS detection adds valuable information to the chemical pathways as
analyzed by OES.

2. Translational temperature Ttr and atomic number
density of O777.19nm nO

The representative signal of LAS adjacent to the C/C composite is
shown in Fig. 12, which shows a high signal-to-noise ratio and small
fitting residual. Details regarding data processing of the LAS method
have been presented in our previous work.41 Quantitative results of Ttr
and nO detected by the LAS system are directly presented in Fig. 13 for
quartz and Fig. 14 for C/C composite. Using the Taylor series
method,61 the measurement uncertainty of Ttr is estimated to be 2.4%
(at 5500K), and the corresponding uncertainty of nO is estimated to be
far below 0.01%.

Analysis regarding chemical reaction mechanisms will be made
from the perspective of heat release and reaction processes based on
the results of Ttr and nO, respectively. The blue solid line represents the
results at the stagnation point (x¼ 0mm) for quartz, and the red solid
line for the C/C composite. In Figs. 13 and 14, the black and cyan
dashed lines represent the results at the distance of 1 and 2mm,
respectively, from the sample surface.

For the quartz sample, there are no significant changes among
various axial locations, which shows that the chemical activity of

quartz is quite low. In Fig. 13(a), Ttr at x¼ 0mm is slightly lower than
that at x¼ 1 and 2mm, this is due to endothermic reactions such as
SiO production through Si and SiO2 oxidation

60 or quartz evaporation
at the surface. In Fig. 13(b), the decreasing rate of nO in the first 20 s
decreases slightly from the axial location of x¼ 0–2mm. This shows
that the atomic oxygen exhibits a higher consumption rate when
approaching closer to the surface; such trend is ascribed to slightly
higher oxidation rate at the surface than that in the boundary layer.

For the C/C composite, the Ttr and nO results exhibit substantial
discrepancies in both the axial direction and time series, indicating
that there existed complex reactions between the gas and surface. Since
the atomic oxygen originated from the coming flow and is substan-
tially excited, Ttr is closely related to chemical heating at the boundary
layer. The Ttr on the C/C composite surface is lower than that on
quartz surface, showing that the C/C composite has a higher heat dissi-
pation capability than quartz. Since the rate of heat dissipation through
radiation becomes increasingly important at high temperatures,62 the
energy of the gas particles is partially dissipated by radiation, given the
high surface temperature of the C/C composite [Fig. 4(b)].
Additionally, the ablative nature of removing the surface C/C layers
leads to a further reduction in the heat transfer from the shock layer.2,3

In Fig. 14(a), the Ttr curve exhibits a decreasing trend in the initial
approximately 15–25 s heating time and reaches a local minimum at
the end of this first decreasing period. The decreasing trend is due to

FIG. 12. Representative signal of LAS
adjacent to the C/C composite: (a)
Transmitted intensity of the laser on the C/
C composite; (b) Top: absorption peak,
bottom: fitting residual.

FIG. 13. Temporally and spatially resolved
results of (a) Ttr and (b) nO on the quartz
surface.
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heat dissipation processes such as ablation near the surface. The
decreasing rates of Ttr became higher from x¼ 0mm to x¼ 2mm.
Such phenomena relate to surface swelling of the C/C composite.
When the surface expands, the detection location is correspondingly
closer to the sample surface. Since the heat dissipation rate increases
when approaching the surface, the decreasing rate of Ttr became higher
from x¼ 2mm to x¼ 0mm. The axial distribution of Ttr shows a sim-
ilar trend with the literature.27

The time points of the first local minimum value of Ttr appear at
15, 20, and 25 s for detection locations of x¼ 0, 1, and 2mm, respec-
tively. These time points show a delay trend with axial locations away
from the surface. This shows consistency with the surface swelling and
heat dissipation as well as the axial distribution discussed above. In the
subsequent heating period, Ttr at x¼ 0 and 1mm experiences a second
period of decrease and start to rise at around 40 and 65 s, respectively.
The decreasing trend is related to endothermic reactions of nitridation
as discussed in Sec. IVB 3. The increasing trend is accounted for sur-
face recession, in which the detection location gradually moves away
from the region where there is intense nitridation. The remaining
trend at x¼ 2mm conforms to the surface profile variations. Ttr con-
tinues to increase until around 40 s when the chemical reaction process
propagates into nitridation, in which period the consumption rate of
the atomic oxygen becomes lower compared to that in the oxidation
period. Due to this transition, the laser intensity in Fig. 11 suppresses
the initial value at around 60 s when the surface recedes back to the ini-
tial location and remains stable in the remaining heating period with
the surface recession. Such phenomena indicate that the gas–surface
interactions gradually attenuate at around 2mm away from the
surface.

In Fig. 14(b), nO experiences an abrupt increase from x¼ 0mm
to x¼ 1mm in the axial direction, showing that the consumption rate
of atomic oxygen increases with decreasing distance from the surface.
Additionally, nO sees a similar decrease within the first around 20 s as
the radiance profile shown in Fig. 10, which can be explained by the
surface swelling as discussed above. Additionally, nO at the stagnation
point (x¼ 0mm) exhibits more turning points than that at x¼ 1mm
and x¼ 2mm, indicating that atomic oxygen is involved in more-
competitive processes closer to the surface. These phenomena quanti-
tatively reflect the axial distributions in reaction complexity.

Based on quantitative results from LAS presented above, the
chemical behavior of atomic oxygen is distinguished from highly cou-
pled physico-chemical processes. The axial distributions and dynamic

behavior of the translational temperature and number density play a
pivotal role in characterizing the chemical processes and their corre-
spondence to surface variations on a microscopic scale.

V. CONCLUSIONS

Quantitative molecular-scale insights into the gas–surface interac-
tions on C/C composite have been achieved by OES and LAS in this
work. Experiments are conducted on a large-scale ICP wind tunnel
with a stagnation enthalpy of 20.08MJ/kg. Samples are heated for
around 100 s by the air plasma. Based on the dynamic variations of the
emission intensity and spectral structure recorded by OES, chemical
reaction mechanisms and the thermal nonequilibrium are analyzed.
Additionally, the translational temperature and number density of
atomic oxygen in the boundary layer with high temporal and spatial
resolution are quantified by LAS. Variations of these two parameters
exhibit a close correspondence to surface swelling and recession pro-
cess depicted by the laser intensity, which distinguishes the heat release
and atomic consumption caused by chemical reactions from highly
coupled physico-chemical processes. Finally, reaction mechanisms
(sequentially dominated by oxidation, intense competition, nitridation,
and surface recession) have been extracted combining the spectral and
traditional results. These results show that the spectral insights have
the potential to connect the macroscopic observables with microscopic
behavior.

In future studies, spectral insights will be extended to higher-
dimensional, and multi-species detection. To visualize the structure of
the reactive flow at the interface, high speed imaging (to capture two-
dimensional images) and multi-view imaging (to reconstruct the
three-dimensional structure of the flow field) will be implemented.
For more details of the chemical mechanisms, diagnostics of more
species that are related to chemical reactions (such as CO, C1, C2, and
C3) will be simultaneously applied to the high-temperature interface.
Experiments that detect a wide range of surface temperatures will be
conducted to investigate gas–surface interactions under various flight
conditions. Furthermore, deeper analysis on thermal nonequilibrium
will be conducted by combining spatially resolved experimental results
with simulations.
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