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ABSTRACT

Precise prediction of aerothermal loads is significantly limited by the unclear interactions between the thermal protection system surface and
the surrounding high-enthalpy gas. To address this, we propose an optical diagnostic method based on optical emission spectroscopy and
laser absorption spectroscopy to investigate the gas–surface interactions within the boundary layer. Experiments are conducted in an air
plasma flow produced by the 1.2MW inductively coupled plasma wind tunnel at the China Academy of Aerospace Aerodynamics with an
enthalpy of 20MJ/kg and a heating time of 100 s. The cylindrical samples made of pure silicon carbide are tested, and quartz samples with
the same exposed geometry are tested in parallel as a reference material. The optical emission spectroscopy system has four spectrometers to
cover the wide wavelength range of 200–1100 nm, providing qualitative, spatially, and spectrally resolved measurements of the multi-species
radiative emission adjacent to the sample surface. Laser absorption spectroscopy is deployed at different axial locations to quantify the num-
ber density and translational temperature of OI (3s5S) with a 500Hz scanning rate and 200 kHz acquisition rate. Additionally, the surface
temperature of each sample is detected by an infrared pyrometer. Scanning electron microscopy and energy dispersive spectrometry are per-
formed before and after the plasma heating. Our measurement results provide valuable information on surface reaction pathways and cata-
lytic recombination effects on atomic oxygen number density distributions. Finally, these self-consistent results show that the proposed
method is reliable to deeply investigate gas–surface interactions within boundary layer in harsh aerothermal environment.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102274

I. INTRODUCTION

During an atmospheric entry, a strong detached bow shock is
formed ahead of the space vehicle, and the high-temperature air
between the bow shock wave and the thermal protection system (TPS)
surface is partially dissociated into atoms.1–6 As the dissociated atoms
move toward the vehicle, the temperature decreases rapidly from the
boundary layer edge to the TPS surface, but the gas mixture could not
fully equilibrate in this short distance within the thermal boundary
layer.7–9 Under these nonequilibrium states, complex interactions
between the dissociated gas and TPS surface occur within the bound-
ary layer. Catalytic recombination between dissociated atoms is one of

the important processes among gas–surface interactions that signifi-
cantly enhance aerothermal heating.10–13 However, the TPS design
remains overly conservative because considerable uncertainty remains
in predicting thermochemical ablation rates at high surface tempera-
tures. This adds unnecessary payload weight and reduces payload
opportunities.14 It is noteworthy that atomic number density distribu-
tions on a TPS surface closely relate to the recombination process,15

and radiative properties are important because they reflect species
components in the reactive flow.16 Therefore, it is important to
quantify the atomic number density and investigate dynamic spectral
characteristics adjacent to the TPS surface to gain a deeper
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understanding of the cumulative exothermic nature of surface catalytic
recombination.12,17

Past experiments on surface catalytic recombination have mainly
used two approaches. The first is based on heat flux measurements and
the second on concentration measurements.18 The heat flux measure-
ments approach was based on Goulard’s theory of stagnation point
heat transfer, whereby the recombination coefficient is obtained by
comparing the measured heat flux on the investigated material with
that of a reference material (generally CuO, considered fully cata-
lytic),19 or by extracting the recombination heat flux from the total
heat flux with an iterative procedure.20 Such an approach is generally
used in high-enthalpy ground facilities such as arc-jet or inductively
coupled plasma (ICP) wind tunnels, which are good at reproducing
realistic flow conditions.21 However, the measurement accuracy
strongly depends on the recombination coefficient set for the reference
material.19,22 This approach gives the bulk effect of the total aug-
mented heat transfer,7 but it is still the unresolved product of complex
physico-chemical mechanisms. As for the concentration measurements
approach, actinometry and laser-induced fluorescence (LIF) are two
main methodologies. Based on mass balance between the arriving dif-
fusive flux and the recombination consumption rate, both methodolo-
gies aim to inform axial distributions in number densities.7,23

However, quantitative determination of number density is limited for
various reasons. In actinometry methodology, compensating the varia-
tions in electronic density requires dividing the emission intensity of
the targeted atom by that of an inert gas.24 This enables the relative
number density to be deduced, assuming that the targeted atom and
the inert gas have similar energy thresholds.25 In LIF methodology,
quantifying atomic number density requires complicated calibrations
of signal intensity and measurements of fluorescence lifetime, beam
diameter, and detection efficiency,7,26 which are difficult to obtain in
practical reactive flows.27 Moreover, the laser equipment of LIF is typi-
cally not fiber coupled and requires a close proximity to the test plat-
form. Finally, LIF requires bulky light sources and sophisticated laser
equipment,27 and its signals usually suffer from collisional quenching.
Owing to these limitations of actinometry and LIF, concentration mea-
surements approach is generally used in plasma facilities with relatively
low enthalpy, which differs greatly from the severe aerothermal envi-
ronments in real flight.28,29

For thermochemistry research in reactive plasmas, optical emission
spectroscopy (OES) is a nonintrusive diagnostic technology that has
been widely used to study chemical reactions and analyze radiation char-
acteristics.30–32 With the advantages of being sensitive and convenient,33

OES allows simultaneous detection of emission intensities of multiple
species in a wide wavelength range, providing valuable information on
chemical reactions. Laser absorption spectroscopy (LAS) is a powerful
technology to access the ground state of atoms and molecules for flow
characterization, allowing diagnosis with high fidelity, fast response,
robustness, and compactness.34,35 Over the past two decades, LAS has
penetrated into many areas such as atmospheric monitoring,36 combus-
tion diagnostics,37,38 and plasma characterization.39,40 Considering the
qualitative multiple-species sensing of OES and quantitative species-
specific nature of LAS, both techniques were combined in our work.

This paper presents the application of OES and LAS diagnostic
technique regarding gas–surface interactions in high-enthalpy air
plasma. Experiments are conducted in a 1.2MW ICP wind tunnel at
the China Academy of Aerospace Aerodynamics (CAAA) with an

enthalpy of 20MJ/kg and 100 s of heating time. Characteristic TPS
material silicon carbide (SiC) is tested together with quartz as a refer-
ence material. LAS system is employed at different axial locations to
quantify the number density and translational temperature of OI
(3s5S) as well as their variations. OES detection of characteristic prod-
ucts is used to distinguish between competing mechanisms in reaction
zone. Additionally, surface temperatures are detected by a monochro-
matic infrared optical pyrometer. Scanning electron microscope
(SEM) and energy dispersive spectrometry (EDS) are used to evaluate
changes in the morphology and composition due to plasma exposure.
Based on these results, analysis is made between SiC and quartz mate-
rials to figure out surface reaction pathways. Furthermore, relations
between atomic oxygen densities and catalytic property are discussed.

II. LASER ABSORPTION SPECTROSCOPY
A. Theory

The basic principle of LAS is briefly outlined here. For diagnosis
in high-temperature plasmas, LAS is mainly dominated by the
Beer–Lambert law, which describes the relationship between incident
(I0) and transmitted (It) intensity of a monochromatic laser beam
propagating through a uniform absorbing medium41–43

kvL ¼ ln I0=Itð Þv; (1)

where L is the absorption length, and kv is the absorption coefficient at
the frequency v (s�1), which can be expressed as

kv ¼ Slunl/v; (2)

where

Slu ¼ k0
8pc

� �
Aul

gu
gl

1� exp � hc
k0kBTex

� �� �
: (3)

Here, Slu [cm�1/(mol cm�2)] is the line strength of the transition, nl
(cm�3) is the lower-state number density of the targeted species, c is
the velocity of light, h is the Planck constant, kB is the Boltzmann con-
stant, and Tex is the electronic excitation temperature that describes
the ratio of the number densities at the lower and upper states.41 In
this study, the term hc/k0kB of atomic oxygen line at 777.19 nm is
about 20 000K,44 which is much lower than Tex. Thus, the exponential
term in Eq. (3) is relatively insensitive to changes in Tex in the temper-
ature range of interest,42,45 and Eq. (3) can be approximated as

Slu ¼ k0
8pc

� �
Aul

gu
gl
: (4)

Because the line shape function /v follows the relationð
/vdv � 1: (5)

The lower-state number density of the species nl can be deduced from
the integrated absorbance Aint based on Eqs. (2)–(5)

nl ¼ Aint

k0L gu=glð Þ Aul=8pcð Þ ¼

ð
kvdv

k0 gu=glð Þ Aul=8pcð Þ : (6)

In our experimental conditions, Doppler broadening is dominant
compared with other broadenings such as natural, pressure, and Stark
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broadening (discussed below). Hence, the translational temperature of
atomic oxygen Ttr is deduced from the Doppler width DvD as
follows:46–49

DvD ¼ 7:162 3� 10�7v0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ttr=M

p
; (7)

where v0 (cm
�1) is the central wavenumber of the transition, andM is

the atomic mass.
Generally, absorption line shape is broadened by various physical

mechanisms and is assumed as a Voigt profile that includes Doppler
broadening and pressure broadening.47,49 For the expected pressure
(approximately 1 kPa) and temperature (approximately 5000K) in our
experiments, the pressure broadening is estimated to be two orders of
magnitude smaller than the Doppler broadening.50 Therefore, pressure
broadening can be neglected. Stark broadening, originating from
Coulomb interactions between the radiator and charged particles in
the plasma, monotonically increases with electron density.51 This
broadening type should be analyzed in our plasma testing environ-
ment. The line shape of Stark broadening is the Lorentzian type profile
and is expressed as42,43

DkStark ¼ 2� 1þ 1:75� 10�4n1=4e a� 1� 0:068n1=6e T�1=2
e

� �h i

� 10�16xne; (8)

where ne is the electron density, Te is the electron temperature, a is
the ion-broadening parameter, and x is the electron impact
parameter. When the electron temperature is 10 000 K, the Stark
broadening of atomic oxygen at 777.19 nm shows an upward trend
with electron density in the range of 105–1013 cm�3 (Fig. 1). Under
our experimental conditions, Doppler broadening is estimated to
be approximately 5 GHz according to Eq. (7), which is three orders
of magnitude higher than Stark broadening at ne of 10

13 cm�3. This
shows that the Stark broadening is insignificant compared with
Doppler broadening in our experimental conditions. Therefore, the
Doppler broadening is considered and other broadenings are
neglected.

B. Line selection

The Chemical Equilibrium with Applications (CEA) code was
used to simulate the species composition of the air plasma in entry
conditions. Figure 2 shows the temperature-dependent (4000–9000K)
mole fraction of the neutral and charged species at pressures of 2 and
8 atm. It is noteworthy that nearly all of the O2 is dissociated into O,41

and O becomes one of the major constituents in the dissociated gas in
the temperature range of interest. Owing to its highly chemically reac-
tive behavior,15,52,53 atomic oxygen strongly influences the TPS design
mainly through catalytic recombination and oxidation processes.15

Figure 3 plots the simplified energy-level diagram of atomic oxygen.41

Absorption line of the OI transition from 3s5S2 to 3p5P3 at the wave-
length of 777.19 nm was chosen due to the following reasons. Unlike
the ground state, the electronic excited lower state of the transitions
near 777 nm is in the visible-near-infrared region, which can be moni-
tored by commercially available diode lasers. Additionally, this meta-
stable state is extremely temperature-sensitive and well isolated from
other species in the plasma.41 Although the upper energy level
(5P1;2;3) of the 777nm lines is a degenerate level (Fig. 3), the spacing
of the split upper levels is sufficient enough to resolve a single triplet

FIG. 1. Stark broadening variations with electron density at Te ¼ 10 000 K.

FIG. 2. CEA results: mole fractions of (a) neutral and (b) charged species in dry air at 2 atm (solid line and filled circles) and 8 atm (dashed line and open circles).
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component at 777.19 nm.43 Despite the difference between the
profile of ground state and metastable state, the detected metasta-
ble state still depicts a thermochemical process.50 Table I lists the
important parameters of the central wavelength k0, lower-state
energy El, upper-state energy Eu, lower-state degeneracy gl, upper-
state degeneracy gu, and Einstein coefficient Aul of the transition
near 777.19 nm.

III. EXPERIMENTAL SETUP
A. 1.2MW inductively coupled plasma wind tunnel

An ICP wind tunnel has the advantages of long test time (up to
tens of minutes) and high purity flow, which make it ideal for investi-
gating material thermochemistry and gas–surface interactions.54,55

The experiments were conducted in the 1.2MW ICP wind tunnel at
CAAA. Figure 4 is the schematic of the experimental setup. The wind
tunnel consists of an ICP coil, a convergent-divergent supersonic noz-
zle, a test chamber, and a vacuum system. The plasma generated by
the coil was expanded into the test chamber through a hypersonic noz-
zle and finally extracted by the vacuum system.

In our experiments, standard air (79% N2 and 21% O2) was fed
into the ICP generator at mass flow rate of 12.84 g/s, providing high-
enthalpy plasma flows of 20MJ/kg. Each sample was tested more than
five times to ensure the reliability and repeatability. As the plasma
reached a steady state, the test sample was pushed into the flow for an
exposure time of 92 s. The ICP tunnel was then shut off after the

FIG. 3. Simplified energy diagram of atomic oxygen.

TABLE I. Transition parameters of atomic oxygen at 777.19 nm.

Transition k0 (nm) El (Ev) Eu (eV) gl gu Aul (10
7 s�1)

OI (3s5S 3p5P) 777.19 9.146 10.741 5 7 3.69

FIG. 4. Schematic image of experimental system.
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sample was dragged out of the plasma. A water-cooled Pitot probe was
also inserted into the copper probe to perform stagnation pressure
measurements.

A monochromatic optical pyrometer (FLUKE Endurance Series,
E1MH-F2-L-0-0), operating at 540–3000 �C, monitored the front sur-
face temperature of the tested samples. The output is related to the
emissivity (set to 0.9) and transmissivity (set to 1.0) if the targeted sur-
face satisfies the graybody assumption within the operation range.3

Calibrations of the pyrometer are performed before the experiments
using a blackbody radiation source. Real-time high-resolution videos
of the experimental process were observed and recorded through a
high-definition (HD) digital camera (Canon 5D Mark III) placed per-
pendicular to the sample surface to detect the side view of the sample.

B. Optical diagnostic system

Figure 4 also presents an overview of the optical setup, including
the OES and LAS systems. The OES system was designed to collect the
radiation of reaction products adjacent to the material surface, and the
line-of-sight was perpendicular to the centerline of the plasma flow.
The system consists of a light collection system, optical fibers, and four
spectrometers. The light emitted from the reaction zone was collected
by a detector (Gigahertz-Optik, LDM-9811). The emission light was
transmitted to four spectrometers through optical fibers equipped
behind the camera. The first spectrometer (Ocean Optics, QE65 Pro)
equipped with a charge-coupled device camera (1044� 64 pixels),
recorded spectra over a wide wavelength range of 200–1100nm. The
other three spectrometers (Avantes, AvaSpec-UL2048CL-RS-EVO)
monitor finer spectra covering 360–400, 400–630, and 600–805nm,
respectively. Intensity calibration was performed using a National
Institute of Standards and Technology traceable quartz–tungsten–
halogen standard reference lamp (model 63945, Oriel Instruments,
Stratford, CT).

The LAS system targeted the absorption line of atomic oxygen at
777.19 nm. As in the OES system, the LAS laser path was aligned per-
pendicular to the plasma flow and tangential to the sample surface.
The LAS diagnostic system consisted of two major sub-assemblies: the
laser emission and control assembly (bottom) and detection assembly
(top). The emission and control assembly side included a distributed
Bragg reflector (DBR) laser (Photodigm, PH778DBR020BF) driven by
a commercial laser controller (Thorlabs, model ITC-502) through
temperature and current control. To cover the wavelength range near
777.19 nm, the current of the DBR laser was modulated by a ramp sig-
nal of 500Hz produced by a function generator (Tektronix, AFG-
3101). The laser beam was then transmitted and split into two beams
through single-mode optical fibers (Thorlabs, P3-780PM-FC-5). The
first beam was detected by a Fabry–P�erot interferometer (Thorlabs, F-
PSA200-6A-1, 1.5GHz FSR) to calibrate the absolute wavelength. The
other beam was directed to the reaction zone adjacent to the sample
surface through a quartz window. The accurate location of surface
detection was achieved through displacement control using optical
moving stages. On the detection assembly side, a narrow band filter
(NBF) with 10nm width (Thorlabs, FL780–10) was placed before the
detector to reduce unwanted plasma emission. The transmitted laser
beam was finally collected by two channels of the photodetector. The
detected signals were then transmitted to the analysis system through
BNC cables and analyzed with the acquisition rate of 200 kHz.

C. Material samples

In this study, SiC was chosen because it is a promising material
for TPS design, and quartz was tested as a reference material because
of its low catalytic behavior. All the material samples were designed
with the same exposed geometry, which featured a body diameter of
50mm, depth of 30mm, and leading-edge corner radius of 8mm. The
bottom part with 15mm diameter and 40mm length was used for
insertion into a water-cooled holder. Figure 5(a) illustrates the sample
geometry with the key dimensions, flow direction, and stagnation line
coinciding with the plasma flow. The corresponding photos of the
samples are shown in Fig. 5(b). The mechanical properties and elemen-
tal compositions of SiC were tested before tests. The results showed
that the volume density of the SiC ceramics was 3.036 0.01 g/cm3 and
its porosity was less than 1%, indicating a pycnomorphic surface. This
also showed that silicon and carbon were the main elements in the
ceramics, including 88.6% mass fraction of SiC and 10.7% mass fraction
of free silicon (probably introduced by the manufacturing procedure).
Additionally, SEM and EDS microscopic inspections on sample surfaces
are performed using GeminiSEM 300 from Zeiss, and details will be dis-
cussed in Sec. IVD.

IV. RESULTS AND DISCUSSION
A. Visual inspection and surface temperature

Videos of the test sample exposed to the plasma flow were
recorded to present visual observation of the sample surface.
Snapshots from the HD video at time interval of 20 s are shown in
Fig. 6 and compared with the surface temperature history detected
every 0.1 s. Because the camera operating mode automatically adjusted
the exposure to the variation of light intensity, the brightness differ-
ences between each frame cannot be directly correlated with the tem-
perature. Nevertheless, the images still clearly show the heating
progress over the sample surface, and the brightness pattern distribu-
tions within each image illustrates the temperature gradient around
and within the sample.56 The brightness of the SiC sample [Fig. 6(a)]
changes significantly during heating process. The image shows that a
small bright spot appears at the stagnation point at around 40 s. As
plasma heating continues, the whole light intensity increases sharply
and the spot becomes brighter. For the quartz sample, the brightness
changes slightly during the whole processes [Fig. 6(c)].

The temperature history in Fig. 6(b) shows a steady flow estab-
lished after 4 s of the wind tunnel operation. The test sample is then
inserted into the plasma flow. For both SiC and quartz material, inser-
tion of the sample into the high-enthalpy flow leads to a natural rise in
surface temperature. The surface temperature of the SiC sample (red
line) starts to rise sharply at around 20 s. When the plasma exposure
time reaches 40 s, the increase rate of the surface temperature suddenly
slows down but the temperature keeps increasing to 1600K at the end
of the heating. The blue line represents the temperature variations of
the quartz sample. This temperature rises and stabilizes at 1300K in
the first 20 s. During the remaining exposure time, the surface temper-
ature slightly increases and finally reaches approximately 1350K. Both
samples are finally removed from the flow when the exposure time
reaches 92 s, leading to a steep drop in surface temperature.

All the samples retained their mechanical integrity after testing
with minimal dimensional and mass changes. Figure 7 reveals signifi-
cant surface changes in test samples after exposure to plasma. All the
test samples survived the plasma exposures with minimal dimensional
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and mass changes. Post-test of SiC material [Fig. 7(b)] shows a rough
surface with a plenty of bubbles on a macroscopic scale, a white glassy
layer, and clear traces of melted products. Such phenomena indicate
the formation of an oxidization layer on SiC surface. Details will be
discussed in Sec. IV. Visual inspections of quartz sample [Fig. 7(a)]
show that the post-test surface is smoother and shinier than the origi-
nal surface. This provides a higher transmissivity to allow much more
light to pass through the material.

FIG. 5. Sample geometry and visual appearance: (a) schematic and (b) photos for SiC (left) and quartz (right).

FIG. 6. HD video images showing with temperature variations: (a) Images for SiC
at 20 s (left), 40 s (middle), and 60 s (right); (b) surface temperature; (c) images for
quartz at 20 s (left), 40 s (middle), and 60 s (right).

FIG. 7. Visual inspections: (a) pre- (left) and post-test (right) SiC and (b) pre- (left)
and post-test (right) quartz.
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B. Optical emission spectroscopy

1. Emission spectra

Emission spectroscopic measurements adjacent to the stagnation
point of samples open the path to further analysis. Figure 8 shows
individual emission spectra extracted at 60 s after insertion for species
clarification. In Fig. 8(a), sharp emission lines from atomic oxygen (O)
and nitrogen (N) are identified for both materials, which are major
components of the dissociated air. Additionally, emission spectra with
higher spectral resolution were simultaneously recorded by the other
three Avantes spectrometers. Valuable information was found in the
ultra violet (UV) range (360–400nm). For a clearer visualization,
emission spectra among this region are illustrated in detail as pre-
sented in Fig. 8(b). The red curve plots the emission spectra on SiC
sample. The main contributing species in the UV range is the
Nþ
2 (B

2Rþ
u ! X2Rþ

g ) first negative system in the 360–400nm wave-
length region,57 which is excited by the post-shock temperature. The
characteristic emission spectra of the quartz sample are dominated by
silicon monoxide (SiO) transitions with the bandhead at 383.2 nm and
neutral silicon (Si) at approximately 390 nm.3,58 SiO and Si radiation
will be discussed as important reaction species for the quartz surface
in Sec. IVB 2.

2. Reaction pathways on the SiC and quartz surfaces

Atomic oxygen was detected on both tested sample surface. The
variations in integrated intensity of O (777.19 nm) are plotted in Fig. 9
for further analysis. As the sample is inserted into the plasma, the inte-
grated intensity sharply rises to a peak. This phenomenon relates to
the ICP plasma flow properties and the basic OES principles. The air
flow has already been dissociated before it reaches the sample surface

in the ICP wind tunnel, which is different from the real flight. As the
sample is inserted, the total atomic number density has a minor
change compared to that of electron temperature rise due to bow
shock heating. The emission intensity increases monotonically with
electron temperature and total number density of the radiator.
Consequently, a sharp peak occurs in Fig. 9. As the heating continues,
the intensity then attenuates to reach steady emission, which lasts until
the end of the run.

The emission intensity of the SiC sample decreases more slowly
than that of quartz and finally stabilizes at around 50 s. These time var-
iations together with visual inspection in Fig. 7(a) indicate transient
formation of a complex multilayer oxide scale containing a silica-rich
glassy outer layer that limits oxide growth.57 As the sample tempera-
ture rises through this regime, the gas by-products of oxidation are
quickly emitted out of the inner layer, forming multiple bubbles on
SiC surface [visible in Fig. 7(a)]. Under continuous heating by the
plasma, liquid SiO2 permeates the porous oxide layer and seals the sur-
face, and a b-cristobalite layer finally forms on the SiC surface. Inward
oxygen transport and consumption are then limited. The emission
intensity detected by OES (Fig. 9) gradually decreases and eventually
ceases. The material used in our study is a pure silicon-carbide
ceramics, and the emission spectra on SiC surface show no SiO
(regarded as the discriminant of active oxidation). This indicates that
the chemical reactions in this period are passive oxidation.59 In the last
40 s of plasma heating, catalytic recombination between atomic oxygen
becomes dominant on SiC surface, and atomic oxygen adjacent to the
surface is dynamically balanced by the incoming flow. Notably, O
emission intensity on the SiC surface in this period is evidently lower
than that on the quartz surface, which will be discussed in Sec. IV with
the LAS results. Given these observations, the surface chemistry can be
described as59–61

0–50 s (oxidation dominant)

1. 2SiCþ 3O2 ! 2SiO2 þ 2CO;
2. SiCþ 3O ! SiO2 þ CO:

50–92 s (recombination dominant)
3. OþO ! O2:

For quartz sample, the emission intensity decreases sharply and
quickly stabilizes at approximately 10 s. This indicates that the

FIG. 8. Emission spectra in arbitrary units 60 s after insertion (red line for the SiC
sample, and blue for the quartz sample): (a) Spectra in the wide wavelength range
of 300–900 nm and (b) finer spectra in the wavelength range of 360–400 nm.

FIG. 9. Dynamic variations of integrated emission intensity of atomic oxygen at
777.19 nm.
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chemical property of atomic oxygen is more active on SiC sur-
face than that on the quartz surface. The characteristic spectra of
Si and SiO illustrated in Fig. 8 are dominant in the UV region on
quartz surface. The temporal emission was evaluated by integrat-
ing the emission signal as shown in Fig. 10. The radiance gradu-
ally increases during plasma heating. Assuming a Boltzmann
distribution of excited states, Si emission and SiO emission
increase along with species concentration.3 There is a free silicon
residuals from the initial manufacturing process of the quartz
sample.60 Si sublimates at the surface at this high-temperature
environment such that the gas adjacent to the surface consists of
Si vapor.62 This enables the silicon gas to radiate before it is car-
ried away by the flow field. The observed SiO emissions may
result from the decomposition of the quartz surface and combi-
nation of gas-phase species. In the first 10 s after insertion, the
high temperature promotes the decomposition and volatilization
of SiO2 into SiO. The combination of Si and O is the leading
reaction in the time period of 10–92 s, leading to a continuous
increase in SiO emission intensity. Although the catalytic prop-
erty is extremely low, catalytic recombination of atomic oxygen
should also be considered for the quartz sample. Based on the
above experimental observations, the most plausible reaction
pathways on the quartz surface are as follows:59,60

0–10 s
4. SiO2 ! SiOþ1=2O2;
5. SiO2 ! SiOþO;
6. SiO2 þO ! SiOþO2:

10–92 s
7. SiþO ! SiO;
8. Oþ O ! O2:

C. Laser absorption spectroscopy

1. Data processing and results

Figures 11(a) and 11(b) represent LAS raw data trace detected
adjacent to sample surface (x¼ 0mm) and 1mm above the surface
(x¼ 1mm), respectively. The plasma reaches to a steady state in the
first 4 s. At x¼ 0mm, part of the laser beam is blocked by the sample

surface, leading to an abrupt drop in the laser intensity. Note that the
intensity peak of the transmitted laser beam gradually increases during
plasma heating, and the baseline of the scanning signal also increases
slightly with time. This may relate to surface recession caused by mate-
rial ablation. After approximately 92 s of heating, the sample is pulled
out of the flow and the transmitted intensity of the freestream returns
to the original level. At x¼ 1mm, the laser beam is not affected by the
sample surface, and remains steady during the whole process.

To accurately obtain the translational temperature and number
density of atomic oxygen, sequential scans were averaged to remove
stochastic noise from the laser and plume fluctuation. A typical
10-scan averaged signal with high signal-to-noise ratio is shown in
Fig. 12(a). A small jump appears near the right side of the absorption
peak that is caused by mode hopping of the diode laser. The baseline
of the averaged signal is then subtracted and fitted with a Gaussian
profile. Figure 12(b) plots a representative absorption peak and its cor-
responding fitting residual. The fitting residual is smaller than 1%
except near the absorption peak, which supports the assumption of
Gauss-dominant broadening mechanisms.

The translational temperature Ttr of atomic oxygen is directly
deduced from the Doppler broadening of the absorption profile,46,47

and the number density nO of atomic oxygen is then derived according
to Eq. (6). Representative temporally resolved LAS results detected
adjacent to the sample surface are presented in Figs. 13(a) (SiC sam-
ple) and 13(b) (quartz sample) to show the time history. The starting
time of the LAS results represents sample insertion, which is consistent
with the OES time history. The steep rise in the translational tempera-
ture reflects the aerothermal heating by the bow shock wave. Notably,
we oppose translational temperature, and the number density drops
deeply at the insertion moment. Such atom consumption closely
relates to the basic principle of LAS and the thermochemical process
on the sample surface. Different from OES, LAS technique assesses the
lower state properties of the targeted species. For our targeted transi-
tion at 777.19 nm, the LAS results reflect the number density varia-
tions of a metastable state for atomic oxygen. Within the optically thin
reaction zone between sample surface and boundary layer, excited
atoms are rapidly consumed by complex thermochemical processes,

FIG. 10. Dynamic integrated emission intensity of SiO (at 383.3 nm) and Si (at
390.2 nm).

FIG. 11. LAS raw data trace covering the whole experiment processes: (a) loca-
tions adjacent to the surface (x¼ 0mm) and (b) locations 1mm above the surface
(x¼ 1 mm).
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leading to the steep drop in atomic oxygen number density. After the
sample withdrawn from the plasma flow, both the translational tem-
perature and number density return to their original levels in the
freestream.

2. Relations between nO and catalytic recombination

Figures 14 and 15 plot the temporally and spatially resolved LAS
results for the SiC and quartz samples, respectively. In both figures, the
solid and dashed lines represent the LAS results detected adjacent to
sample surface (x¼ 0mm) and 1mm above the sample surface,
respectively.

Attentions are focused on plasma heating period. First, compari-
sons are made between different locations for each sample. For SiC
sample in Fig. 14, the translational temperature Ttr at 1mm remains
steady with slight fluctuations within 100K. However, Ttr at 0mm
varies with time, which closely relates to the surface chemistry. It rises
to about 4500K in the first 30 s, followed by a steep decrease from 30

to 50 s. During the last heating period (50–92 s), Ttr increases again
and finally stabilizes. These significant changes in temperature reflect
the heat release of chemical reactions. The first downward trend indi-
cates that oxidation processes such as exothermic reactions in Sec.
IVB are dominant in this period. As the plasma heating continues,
oxidized layer forms and gradually covers the sample surface, protect-
ing the surface from deeper oxidation into inner layer. Oxidation grad-
ually ceases and it comes to the second reaction period at around 50 s,
where catalytic recombination between atomic oxygen becomes domi-
nant. The chemical heat flux released by recombination enhances the
thermal heating on material surface, leading to an increase in Ttr. As
atomic oxygen is continuously fed by the incoming flow, the SiC sur-
face finally reaches a dynamically steady state, and Ttr stables.
Interestingly, the variations in the number density nO correlate well
with Ttr. Meanwhile, nO is continuously consumed by oxidation from
0 to 50 s, leading to a downward trend. This behavior is analogous to
what is observed in the OES emission intensity (Fig. 9). As the catalytic
recombination gradually becomes dominant, nO reaches a dynamically

FIG. 12. (a) Representative 50-scans averaged absorption signals. (b) Typical absorption peak after baseline subtraction. Top panel: experimental absorbance spectrum (black
solid line) together with its best-fit Gaussian profile (red dashed line). Bottom panel: corresponding Gaussian-fitting residual.

FIG. 13. Representative temporally resolved LAS results adjacent to the surface for the (a) SiC and (b) quartz samples.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 082113 (2022); doi: 10.1063/5.0102274 34, 082113-9

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0102274/16570682/082113_1_online.pdf

https://scitation.org/journal/phf


steady state during the 0–50 s. Notably, both Ttr and nO adjacent to
SiC surface (at 0mm) are lower than that of 1mm above the surface,
showing an axial gradient along the stagnation point. The rapid colli-
sions between dissociated atoms within the boundary layer are
believed to enhance the relaxation of translational energy,63 leading to
the Ttr axial gradient. The dissociated species diffuse across or flow
along the stagnation line to the wall and are finally consumed by
chemical reactions, leading to number density gradients.12

The quartz surface shows discernible differences in Fig. 15. Both
Ttr and nO remain nearly steady throughout plasma heating.
Additionally, the axial distributions of these two parameters are nearly
constant. Such observations indicate that catalytic recombination
causes an nO axial distributions on the sample surface.

Furthermore, the two materials are also compared at each loca-
tion. In the period of 50–92 s, the atomic number density on the SiC
sample is lower than that on the quartz. This is closely related to

catalytic mechanisms within the boundary layer. When dissociated
atoms diffuse, impact and are adsorbed on the active site of a highly
catalytic material, adsorbed atoms quickly recombine with other atoms
to form gas molecules. In such process, the material surface strongly
promotes recombination of atoms. The recombination occurs more
quickly for materials with higher catalytic property, leading to lower
atomic number density. Although the heated SiC surface is partially
covered by a layer of b-cristobalite, which has the same chemical for-
mula (SiO2) as quartz, its catalytic property is higher than that of
quartz,25,29 resulting lower O number density in the last heating
period. These differences between the Ttr and nO axial distributions on
quartz and SiC sample show that the gradients of these parameters are
closely related to the material catalytic property. For materials with
higher catalytic property such as SiC, the axial distribution experiences
a larger decrease to a stagnation point. For materials with lower cata-
lytic property such as quartz, no evident axial distribution is shown.

FIG. 14. Temporally and spatially resolved LAS results for the SiC sample: (a) Translational temperature of atomic oxygen at 777.19 nm and (b) number density of atomic oxy-
gen at 777.19 nm.

FIG. 15. Temporally and spatially resolved LAS results for the quartz sample: (a) Translational temperature of atomic oxygen at 777.19 nm and (b) number density of atomic
oxygen at 777.19 nm.
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D. Visual inspection by SEM/EDS

SEM inspection and EDS inspection of material surface provide a
visualization of surface changes during plasma exposure, and the
results are shown in Figs. 16 for SiC and 17 for quartz. The gray image
on the left is the SEM results showing the surface microstructure. Part
of the area in the SEM image was chosen to perform EDS. The corre-
sponding EDS results are on the right, showing the element distribu-
tion as a white signal on a black background. Though necessarily
selective, these images are representative of the surface changes on
each test sample.

The SEM micrographs in Fig. 16 show that surface morphology
changes significantly after the plasma exposure. The virgin SiC surface
is nearly fully dense with limited residual porosity, and the linear pit
on the SEM image is mechanical traces left by the cutting procedure.
At the same magnification, the post-test surface is inhomogeneous
with clearly visible bubbles and holes. Most of the surface is covered
by a glassy coating, which appears as a thin film with many small,
patchy regions of exposed fragments. There are significant changes to
the element distributions and mole fractions according to the EDS
maps. The mole fractions of Si and C drop from 48.9 and 48.5 to 34.3
and 30.5mol.%, respectively. Meanwhile, O element increases notably
from 1.8 to 29.9mol.%. Each element has a well-dispersed distribution
before tests, but differences occur on the post-test surface. The Si mole
fraction is higher in the pitting on SiC surface than in the rest of the
glassy layer. Interestingly, atomic O has a lower mole fraction in
the pitting region. These observations prove that oxidation occurs on
the sample surface during plasma heating.

In Fig. 17, the microstructure on the virgin surface is flat and
grainy, while on the post-test surface, the grainy microstructures have
disappeared, but shallow hollows of different sizes have emerged. Note
that the small particles in the post-test SEM image do not originate
from the material, but are gold grains introduced in the coating process.
The EDS images show that Si and O elements have uniform distribu-
tions on both the original and post-test surfaces. For the original surface,
the mole fractions of element Si (27.4mol.%) and O (46.5mol.%) cor-
relate with the chemical formula SiO2. These changes to 35.9mol.% Si
and 38.0mol.% O for the post-test surface. This may be caused by the
chemical reactions in Sec. IVB. Sample characterization by SEM and
EDS directly shows the morphological changes caused by surface reac-
tions, proving the reliability of OES and LAS diagnosis.

V. CONCLUSIONS

An optical diagnostic method based on OES and LAS was used
to investigate gas–surface interactions in an aerothermal environment.
Experiments were performed in the 1.2MW inductively coupled
plasma wind tunnel at the CAAA at with an enthalpy of 20MJ/kg and
a heating time of 100 s. The characteristic TPS material SiC was tested
together with the reference material quartz. OES was used to record
the transient reaction products in the reactive flow, which helped to
figure out reaction pathways on material surface. Temporally and spa-
tially resolved translational temperature and number density of atomic
oxygen at 777.19 nm were quantified by LAS technique. Analyzing the
results found that the atomic oxygen number density adjacent to the
surface decreases for a material with higher catalytic property (SiC),

FIG. 16. SEM and EDS images of the SiC sample: (a) Virgin: SEM image (i), EDS maps of Si, C, and O, respectively (ii)–(iv); (b) post-test: SEM image (i), EDS maps of Si,
C, and O (ii)–(iv), respectively.
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and its axial gradient becomes greater than that with lower catalytic
property (quartz). General measurements such as surface temperature,
SEM, and OES were also done. We found significant differences
between SiC and quartz sample. The optical diagnostic results in this
study show that OES and LAS technique are promising for gas–surface
interactions research on TPS surface.

Further research will add more diagnostic species such as CO in
the UV region to provide more information of the reacting flow.
Additionally, characteristic materials such as C/SiC and ZrB2-SiC will
be tested in an ICP wind tunnel, helping further investigations for TPS
design. Moreover, numerical simulation should be conducted for a
deeper understanding of coupling mechanisms.
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