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ABSTRACT
The time-dependent rotational and vibrational temperatures were measured to study the shock-heated thermal nonequilibrium behav-
iors of CO with Ar, He, and H2 as collision partners. Three interference-free transition lines in the fundamental vibrational band of CO
were applied to the fast, in situ, and state-specific measurements. Vibrational relaxation times of CO were summarized over a temper-
ature range of 1110–2820 K behind reflected shocks. The measured rotational temperature instantaneously reached an equilibrium state
behind shock waves. The measured vibrational temperature experienced a relaxation process before reaching the equilibrium state. The
measured vibrational temperature time histories were compared with predictions based on the Landau–Teller model and the state-to-state
approach. The state-to-state approach treats the vibrational energy levels of CO as pseudo-species and accurately describes the detailed ther-
mal nonequilibrium processes behind shock waves. The datasets of state-specific inelastic rate coefficients of CO–Ar, CO–He, CO–CO, and
CO–H2 collisions were calculated in this study using the mixed quantum-classical method and the semiclassical forced harmonic oscilla-
tor model. The predictions based on the state-to-state approach agreed well with the measured data and nonequilibrium (non-Boltzmann)
vibrational distributions were found in the post-shock regions, while the Landau–Teller model predicted slower vibrational temperature
time histories than the measured data. Modifications were applied to the Millikan–White vibrational relaxation data of the CO–Ar and
CO–H2 systems to improve the performance of the Landau–Teller model. In addition, the thermal nonequilibrium processes behind inci-
dent shocks, the acceleration effects of H2O on the relaxation process of CO, and the characterization of vibrational temperature were
highlighted.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0176176

I. INTRODUCTION

The fast flow inside the combustor of a scramjet is expected to
be in a state of thermal nonequilibrium considering its short resi-
dent time. Previous numerical studies1,2 have illustrated that flame
ignition and stabilization in supersonic combustion chambers are
affected by the thermal nonequilibrium effects of high-temperature
gases. CO is a key intermediate in the combustion process of hydro-
carbon fuels. The behavior of CO formation and consumption is
closely related to heat release and carbon conversion. In addition,
predicting and managing heat transfer during the entry process of

missions to Mars and Venus is a crucial prerequisite for deep space
exploration. The atmosphere of Mars and Venus is quickly decom-
posed into CO, O2, and other species during the entry process of
Mars and Venus missions. Previous studies3–7 have indicated that
radiative heating during the entry process of the mission of these
two planets is mainly from the CO fourth positive band and that the
rovibrational states of nonequilibrium CO profoundly impact the
intensity of radiative heating. Therefore, the rovibrational nonequi-
librium characteristics of CO are closely related to research includ-
ing supersonic combustion and deep space exploration. Argon is a
commonly used diluent gas in shock-tube experiments to diminish
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nonideal effects, including incident shock attenuation, boundary
layer growth, and shock bifurcation. Helium and hydrogen are
commonly used light gases to accelerate the vibrational relaxation
process of CO in laser absorption measurements.8,9 In addition,
H2 is a key intermediate generated from H-abstraction reactions
during hydrocarbon combustion,10 and the internal energy transfer
(e.g., vibration–translation and vibration–vibration–translation)
between CO and H2 widely exists in supersonic combustion flow
fields. Such examples have motivated us to take up the current study
with a focus on the vibrational relaxation process in mixtures of CO
with Ar, He, and H2 as collision partners.

Laser interferometry11 and gas emission12 are the commonly
used methods to measure the vibrational relaxation times of high-
temperature gases behind shock waves. The former method indi-
rectly measures the gas vibrational relaxation times by obtaining
the density change information based on the change of interfer-
ence fringes behind incident shock waves. The latter obtains the
relaxation times of shock-heated high-temperature gases by mea-
suring the time histories of emission signals in the specific spectral
band. This method can obtain the emission information in spe-
cific spectral bands of high-temperature gases, thus providing an
effective way to study the vibrational relaxation process based on
different spectral bands. Many research groups used the above-
mentioned methods to study the vibrational relaxation process
of shock-heated high-temperature gases.13–19 In addition, multiple
experimental studies of CO dissociation kinetics in shock tubes have
been reported in the literature.20–23 Matthews13 and Millikan14 mea-
sured the vibrational relaxation times of high-temperature CO gas
behind shock waves and studied the effects of different additives
(H2, N2, O2, CO2, He, Ne, and Kr) on the thermal nonequi-
librium process of CO. However, only one characteristic para-
meter, vibrational relaxation time, was measured in these studies.
Time-resolved measurements of the nonequilibrium parameters
are expected to provide more valuable data for studies on ther-
mal nonequilibrium effects. Tunable diode laser absorption spec-
troscopy (TDLAS) is a highly selective and nonintrusive technique
for accurately measuring temperature and species-concentration
time histories with high time resolution.24,25 This technique has been
widely used in multiparameter measurements during fuel reaction
behind reflected shock waves.26–29 Compared to laser interferom-
etry and gas emission, the TDLAS technique offers the prospect
for fast, in situ, time-resolved, and quantum-state-specific measure-
ments of multiple temperatures (translation, rotation, and vibra-
tion) and vibrational relaxation times by probing the individual
energy levels of the target species. This technique has been applied
to highly selective measurements of rotational and vibrational
temperatures (simplified as Trot and Tvib, respectively) of shock-
heated thermal nonequilibrium species, including CO, CO2, O2,
and NO.30–35

The kinetics shock tube can instantaneously heat and com-
press the gas mixture behind shock waves, which is favorable
for research on thermochemical nonequilibrium effects of high-
temperature gases, including gas vibrational relaxation, decom-
position, and combustion. The high-temperature region behind
reflected shock waves is not temporally constant and spatially
homogeneous due to the nonideal gas-dynamic effects, including
attenuation of incident shock and boundary layer growth. Previ-
ous studies9,36 have characterized temperature variation assuming

isentropic compression (or expansion). The authors of the work
of He et al.8,9,37 and Pineda et al.38 observed real thermodynamic
states during fuel reaction and used the measured pressure as
input in kinetics simulation to diminish gaps between experiments
and simulations. The impact of nonideal effects on the vibra-
tional temperature time histories and vibrational relaxation times
of high-temperature gases is an interesting research topic worth
studying.

In addition to experimental measurements, great efforts have
been devoted to the theoretical modeling and numerical simulation
of the high-temperature thermochemical nonequilibrium effects. In
the widely used multi-temperature framework,39 the population of
each internal energy mode (translation, rotation, and vibration) is
assumed to follow a Boltzmann distribution under a particular tem-
perature. Specifically, for the well-known two-temperature (2-T)
model,39 the translational and rotational energy modes are described
by temperature Ttr , and the vibrational energy is independently
treated by temperature Tvib. The energy transfer between these tem-
perature modes is of great importance to modeling thermochemical
nonequilibrium flows. Landau and Teller40 developed a theoreti-
cal model for evaluating the energy exchange between translational
and vibrational energy modes, in which a vibrational relaxation
time is defined to characterize the rate of relaxation.41 Subse-
quently, Millikan and White18 summarized the vibrational relax-
ation times of various systems based on a large number of measured
data.

The 2-T model based on the Landau–Teller formula and
Millikan–White vibrational relaxation time has been the main tool
for simulating thermochemical nonequilibrium flows for decades.39

However, the above model is not able to accurately describe the
nonequilibrium (non-Boltzmann) distribution of vibrational energy
states; thus, it is not universally applicable for studying a flow that
is in a strong nonequilibrium state. Instead, many recent works
have focused on the high-fidelity state-to-state (StS) approach,42–46

which treats each vibrational energy level as a pseudo-species and
can represent the non-Boltzmann vibrational distribution function,
and then describe the detailed evolution of these thermochemical
nonequilibrium processes. Inelastic and reactive collision processes
of molecular states are elementary reactions in StS kinetics. The
rate coefficients of these StS processes are mostly obtained by either
the theoretical models [such as the Schwartz–Slawsky–Herzfeld
theory47 and the forced harmonic oscillator (FHO) model48] or
more accurate molecular dynamics calculations (such as the Quasi-
Classical Trajectory method49 and the mixed Quantum-Classical
method50) based on the ab initio potential energy surface (PES).
Due to the expensive computational time involved (to solve hun-
dreds of internal energy states with thousands of hundreds of StS
transition processes), previous applications of the StS approach have
been mainly limited to simple zero- or one-dimensional geome-
tries, such as heat bath, one-dimensional nozzle, and post-shock
flows, mainly for air species.42–44,51–55 The StS approach is also
used to describe the nonequilibrium plasma kinetics of reacting
CO for gas discharges56,57 and the radiative CO flow behind shock
waves.58,59 Recently, two-dimensional calculations, implementing
full state-to-state kinetics, have been performed for hypersonic
flows over spheres and double cones,60,61 leading to improved
alignment with experimental data when compared to the tradi-
tional 2-T model. Moreover, recent attempts45,46 have aimed at
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applying the StS approach to study the ignition of hydrogen–air
and syngas–air mixtures under thermochemical nonequilibrium
conditions. In the present work, the StS approach is applied to
investigate the thermal nonequilibrium process of CO gas behind
shock waves with the presence of different additives (Ar, He, and
H2). The new datasets of vibrational StS rate coefficients (avail-
able in the supplementary material, S1) of the collision between
CO and additives are obtained using the mixed Quantum-Classical
method and the FHO model. The predictions of the StS approach
serve as a reference for evaluating and correcting the 2-T simulation
results.

In this study, the time-dependent Trot and Tvib were mea-
sured and the vibrational relaxation times were summarized in
mixtures of CO with Ar, He, and H2 as collision partners in a
temperature range of 1110–2820 K. The measured data were com-
pared with predictions based on the Landau–Teller model and
the StS approach to illustrate the differences between experiments
and model predictions and to improve the performance of the
2-T model. The methodologies of the shock tube, TDLAS system,
Landau–Teller model, and StS approach are presented in Sec. II.
The experimental measurements and numerical results are pre-
sented and analyzed in Sec. III. Section IV presents concluding
remarks.

II. METHODS
A. Shock tube

All experiments were performed in a kinetics shock tube with
a driver section of 3.3 m, a driven section of 6.4 m, and an
inner diameter of 10.07 cm. Detailed information is provided in
Refs. 30 and 62. Four piezoelectric pressure transducers (PCB
113B26) were installed over the last 1.0 m of the shock tube to deter-
mine the velocity of the incident shock. The extrapolation method
was used to access the shock velocity at the endwall. The temper-
ature (T5,0) and pressure (p5,0) behind reflected shock waves were
calculated based on one-dimensional normal-shock equations and
initial temperature and pressure in the driven section. Considering
the mixtures used in this study (Table I) are highly diluted in Ar,
the pre-excitation of CO in this study is negligible for the interpre-
tation of measured rotational and vibrational temperatures behind
reflected shocks. Therefore, the vibrational energy of CO was not
considered for calculating T5,0 and p5,0. All the pressure transducers
were coated with a thin layer of silicon components to shield them
from heat transfer and gas ionization. The transducer installed at
20 mm from the endwall was used to measure the pressure time his-
tories for TDLAS measurements. Two opposite windows (made by
CaF2, effective spectral range: 0.18–8.00 μm) were fixed at the same

TABLE I. Mixture compositions and experimental conditions.

Mixture
No.

CO
(mol. %)

He
(mol. %)

H2
(mol. %)

Ar
(mol. %) p (bar) T (K)

1 1.0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 99.0 1.4–3.8 1590–2730
2 1.0 1.0 ⋅ ⋅ ⋅ 98.0 1.6–2.7 1150–2820
3 1.0 ⋅ ⋅ ⋅ 1.0 98.0 1.5–2.8 1110–2810

cross section. The windows were wedged at 3○ to avoid the unwanted
beam interferences caused by back reflection. After each shock, we
opened the endwall and cleaned the broken diaphragms. The leak-
age rate of the shock-tube system is around 2.3× 10−3 Pa/min, which
ensures that the experiments are immune to leaking gases from the
air.

Table I shows the detailed mixture compositions and experi-
mental conditions used in this study. All the mixtures were prepared
based on the partial pressure method and allowed to rest for at
least 12 h before use to ensure homogeneity. Mixture 1 was used
for Trot , Tvib, and vibrational relaxation time measurements. Mix-
tures 2 and 3 were used to assess the accelerating effects of He and
H2 on the vibrational relaxation of CO. To diminish the impact of
adsorption gases on the relaxation process of CO, the test mixtures
were used to wash and clean the driven section before each shock.
To minimize the effect of gas motion, the mixture was fed into
the driven section and rested for at least 5 min before running the
shock.

H2O was found to have a significant acceleration effect on
the vibrational relaxation process of CO due to the near-resonance
transfer between CO vibration and either H2O rotation or the
H2O vibrational bending mode.13 The authors of the work of von
Rosenberg et al.63 summarized pτ(CO–H2O) as 0.17 atm⋅μs in
1230–2600 K. Therefore, the test gases were highly purified. The
purities of CO, He, and H2 reach 99.999% and the purity of Ar
reaches 99.9999% with H2O concentration lower than 400 ppb
(Air Liquide).

B. TDLAS system
Figure 1 shows the schematic diagram of the TDLAS setup,30

which is briefly described here. The system can be divided into
the laser part, the detection part, and the wavelength-calibration
part. In the laser part, three continuous-wavelength interband-
cascade lasers (Nanoplus) were used to access the P(0, 21),
P(1, 21), and P(0, 37) lines in the fundamental vibrational band of

FIG. 1. Schematic of the TDLAS setup (PM, plane mirror; FM, flip mirror; CM,
concave mirror; BS, beam splitter; D, detector).
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CO. The three laser beams were focused into the shock tube by a
concave mirror. In the detection part, three mid-infrared detectors
(Vigo, PVI-4TE-5, bandwidth: 10 MHz) were used to detect the cor-
responding beam from the respective laser. Three bandpass filters
(Hangzhou Multi IR Technology, INBP–4870–220 nm; Spectrogon,
BP–4950–200 nm and NB–5040–155 nm) were fixed in front of
the detectors to shield the thermal emission. The fixed-wavelength
direct-absorption method was used in this study to ensure a
measurement time resolution of 1 μs. Thus, in the wavelength-
calibration part, a single-pass cell (33.8 cm) and a long-path Herriot
cell (25.56 m) were used to position the wavelength of the laser
beams.

When a narrow-bandwidth laser beam transmits through a
uniform gas medium, the attenuation of the incident laser beam
intensity follows the Beer–Lambert law,

− ln (It/ I0) = pS(T)xiLφ(vji), (1)

where It is the intensity of the transmitted laser beam, I0 is the
intensity of the incident laser beam, p (atm) is the pressure, S
(T) (cm−2 atm−1) is the temperature-dependent line strength, xi
is the mole fraction of the target species, L (cm) is the optical

path, vji (cm−1) is the wavenumber of the spectral line transition
in the vacuum, and φ(vji) (cm) is the line shape function (Voigt
in this work). The temperature-dependent spectral line intensity
Sji(T) of the rovibrational transition [cm−1/(molecule cm−2)] can be
expressed as

Sji(T) = Ia
Aji

8πcvji
2

g′ exp (− c2E′′
T )[1 − exp (− c2vji

T )]

Q(T)
, (2)

where Ia is the natural terrestrial isotopic abundance, Aji (s−1) is
the Einstein coefficient for spontaneous emission, c (cm s−1) is
the light speed, g’ is the upper state statistical weight, c2 (cm K)
is the second radiation constant, E′′ (cm−1) is the lower-state
energy, and Q(T) is the partition function. These parameters
can be inferred directly from the most recent spectroscopic
databases.64,65

In thermal nonequilibrium states, assuming that the rotational
and vibrational energy distributions of the target molecule indepen-
dently follow the Boltzmann distributions with Trot and Tvib, the
Trot- and Tvib-dependent line intensity of a rovibrational transition
line can be expressed as

Sji(Trot , Tvib) = Ia
Aji

8πcvji
2

g′ exp [−c2(
E′′rot
Trot
+

E′′vib
Tvib
)]{1 − exp [−c2(

ΔErot
Trot
+

ΔEvib
Tvib
)]}

Qrot(Trot)Qvib(Tvib)
, (3)

where Qrot(Trot) is the rotational partition function, Qvib(Tvib) is the
vibrational partition function, E′′rot (cm−1) is the rotational lower-
state energy, E′′vib (cm−1) is the vibrational lower-state energy, ΔErot
(cm−1) is the rotational transition energy change, and ΔEvib (cm−1)
is the vibrational transition energy change. The authors of this study
selected three transition lines in the fundamental vibrational band
of CO, P(0, 21), P(1, 21), and P(0, 37), for time-dependent Trot and
Tvib measurement. Figure 2 shows that the line-strength ratio of
the P(0, 21)/P(1, 21) line pair is strongly Tvib dependent while the
line-strength ratio of the P(0, 21)/P(0, 37) line pair is strongly Trot
dependent. Therefore, the P(0, 21)/P(1, 21) line pair is used for Tvib
measurement and the P(0, 21)/P(0, 37) line pair is used for Trot mea-
surement. The calibrated line strength and collisional broadening
data are those provided in our previous study.30 We checked that, in
the target temperature range, there are no absorbance interferences
of He and H2 at the line center of the selected lines. In addition, our
previous studies30,62 showed that the three lines were free from the
absorbance interferences of H2O and CO2 in the ambient.

An iterative method was used to automatically calculate the
time-dependent Trot and Tvib values based on Eqs. (1) and (3). The
measured I0, It , and pressure profiles were used as initial inputs.
Detailed data processing for calculating Trot and Tvib is referred to
in Ref. 30.

C. Landau–Teller model and Millikan–White
vibrational relaxation time

In the 2-T framework,39 the differential equation in Eq. (4)
developed by Landau and Teller40 is used to describe the

vibrational energy transfer during the vibrational relaxation process
of CO,

devib

dt
=

evib(Ttr) − evib(Tvib)

τ(Ttr)
, (4)

with evib being the vibrational energy, evib (Ttr) the equilibrium value
of the vibrational energy, and τ the vibrational relaxation time. The
vibrational energy was calculated based on Eq. (5) assuming CO as a
simple harmonic oscillator,

evib =
θvib/Tvib

eθvib/Tvib − 1
RTvib, (5)

with θvib the characteristic temperature of the oscillator (3122 K
for CO) and R the universal gas constant. Millikan and White18

proposed the following expression for calculating the vibrational
relaxation data based on a large number of measured data:

ln (pτ) = −18.42 + A(T−1/3
tr − 0.015μ1/4

), (6)

with μ being the reduced mass of the colliding pair and A the fit-
ting parameter. In addition, the vibrational relaxation time of CO
in a multicomponent mixture, τCO,mix, was calculated based on the
following equation:

τ−1
CO,mix = xCOτ−1

CO−CO +∑
i

xiτ−1
CO−i, (7)
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FIG. 2. Line-strength ratios as a function of T rot and Tvib. (a) P(0, 21) and P(1, 21)
line pair. (b) P(0, 21) and P(0, 37) line pair.

with xCO being the mole fraction of CO, τCO–CO the vibrational relax-
ation time of collisions between CO and CO, xi the mole fraction
of the collider i, and τCO–i the vibrational relaxation time of colli-
sions between CO and collider i. In short, the time-dependent Tvib
was obtained from the theoretical model developed by Landau and
Teller40 [Eq. (4)] and vibrational relaxation time summarized by
Millikan and White18 [Eq. (6)].

D. State-to-state calculation
The vibrational StS approach treats each vibrational energy

state as a pseudo-species and represents the nonequilibrium
vibrational distribution function of molecules. The translational-
rotational equilibrium is assumed to happen much faster than the
translational-vibrational one, which is a good approximation in the
present cases, as validated by the experimental data of Sec. III A.
A total of 20 lowest vibrational levels of CO (v = 0–19, whose
vibrational energies are determined using the Morse parameters
used in Ref. 50, i.e., ωe = 2169.81 cm−1, xe = 0.006 125, and
ye = 0.000 004 8) are considered in the present work. Although

the number of considered vibrational states is less than the max-
imum vibrational number of CO at its ground electronic state,
it is seen in Sec. III D that the number densities of the vibra-
tional states with v higher than 20 are significantly low and neg-
ligible under the conditions used in the present work. Moreover,
under the circumstances of the present reflected shock conditions,
the highest temperature is less than 3000 K and the molecule
CO is highly diluted; so, the chemical reactions are not impor-
tant and they can be neglected in the following StS calcula-
tions, which then only take the vibrational relaxation processes
[i.e., vibration–translation (V–T) bound–bound transitions for
CO-atom collisions and vibration–vibration–translation (V–V–T)
bound–bound transitions for CO-molecule collisions] into account.
Therefore, the master equations of the CO vibrational state i behind
the reflected shock wave can be written as follows:

∂[CO(i)]
∂t

= ∑
M=atoms

∑
f ≠i
{kV−T,CO−M( f → i)[CO( f )][M]

− kV−T,CO−M(i→ f )[CO(i)][M]}

+ ∑
M=molecules

∑
i2

∑
f1

∑
f2

{kV−V−T,CO−M( f1, f2 → i, i2)

× [CO( f1)][M( f2)] − kV−V−T,CO−M(i, i2 → f1, f2)

× [CO(i)][M(i2)]}, (8)

in which square bracket [:] represents the number density of
species and kV–T,CO–M is the rate coefficient of the following V–T
bound–bound transitions for CO–M collisions (herein M denotes
atom, in this paper M = Ar or He):

CO(i) + MÐÐ⇀↽ÐÐCO( f ) + M. (9)

Moreover, kV–V–T,CO–M is the rate coefficient of the following V–V–T
bound–bound transitions for CO–M collisions (herein M denotes
diatom, in this paper M = CO or H2):

CO(i1) + M(i2)ÐÐ⇀↽ÐÐCO( f1) + M( f2). (10)

The key step in performing the StS calculation is to obtain
the accurate values of the above state-to-state rate coefficients. In
this study, the mixed Quantum-Classical (MQC) method, intro-
duced by Billing66 in the version developed by the authors,67,68 is
used to calculate the processes represented by Eq. (9). The MQC
method recovers quantum effects associated with the vibrational
motion,66–68 which are the most relevant ones in the V–T and
V–V–T processes, yet for the remaining degrees of freedom a clas-
sical dynamics description is kept. The V–T rate coefficient dataset
of CO–He collisions (covering v = 0–10 of CO vibrational states)
was calculated by the MQC method based on the ab initio potential
energy surface (with improved long-range behavior) of McBane.69

Specifically, 47 initial values of total classical (translation + rota-
tion) energy comprised between 50 and 80 000 cm−1, with a more
frequent sampling directed toward lower energies, were considered
in the MQC calculations. Two thousand trajectories were used for
each energy value with an initial separation distance atom–diatom R
at 15 Å and a maximum value of the impact parameter of 9 Å was
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used. The coupled time-dependent quantum equations were solved
for the vibrational motion comprising vibrational states v satisfying
Δv = ±9. Figure 3(a) reports the rate coefficients for the V–T process
CO (vi = 1) + He → CO (vf = 0, Δv = 1) + He for T = 300–6000 K,
and it is seen that the calculated MQC results strongly increase with
temperature and are in good agreement with the available experi-
mental values.14,70 The V–T rate coefficients (for a fixed Δv process)
also increase with the vi quantum number due to decrease in the
energy deficit, as seen in the StS rate coefficient datasets in the
supplementary material, S1. The results obtained by the forced har-
monic oscillator (FHO) model48 are also shown in Fig. 3(a). Details
of the FHO model can be found in Ref. 71. Specifically, in order to
achieve the best fit of the FHO results to the available experimen-
tal rate coefficients for the CO–He collision, a Morse intermolecular
potential V(R) = Em⋅[1 − exp(−αR)]2 was adopted with Em = 30 K,69

α = 3.5 Å−1, and the steric factor for V–T process SV–T equals
4/9 as proposed in the work of Adamovich et al.48 and the colli-
sional cross section σ equals 35 Å2. It is seen in Fig. 3(a) that the
FHO rate coefficients are close to the MQC data and experimental
values at a temperature range of 1000–3000 K (within the condi-
tions reported in Table I). Moreover, for the CO–Ar collision, the
V–T rate coefficients were calculated by the MQC method based
on the three-dimensional potential energy surface of Sumiyoshi and
Endo72,73 (in the version developed in Ref. 73). The same computa-
tional settings of the MQC calculations of the above CO–He system
were adopted for the CO–Ar collision. Figure 3(b) shows the V–T
rate coefficients of the process CO (vi = 1) + Ar→ CO (vf = 0) + Ar,
and it is seen that the calculated MQC results are in good agreement
with the fitting experimental data of Ref. 74 when the temperature is
larger than 2000 K, while slight deviation is found at lower tempera-
tures. However, it is noted that the available potential energy surface
of Sumiyoshi and Endo72,73 describes the CO bond length only from
1.0 to 1.35 Å, so the V–T rate coefficients calculated based on this
PES are only accurate for v up to 4. Therefore, the FHO model48 was
used instead to obtain the V–T rate coefficient dataset of the CO–Ar

collision, covering v = 0–19 of CO vibrational states. Specifically, for
the present FHO calculations of the CO–Ar collision, a Morse inter-
molecular potential V(R) = Em ⋅[1 − exp(−αR)]2 was adopted with
Em = 200 K, α = 4.15 Å−1, SV–T = 4/9, and σ = 44 Å2. It is demon-
strated in Fig. 3(b) that the FHO (using the above parameters) rate
coefficients of the process CO (vi = 1) +Ar→ CO (vf = 0) +Ar agree
perfectly with the fitting experimental data of Ref. 74, and the FHO
results overlap with the MQC data above 3000 K and become slightly
lower below this threshold. A comparative analysis of the results in
Figs. 3(a) and 3(b) unequivocally shows that the CO–He collision
is more effective than the CO–Ar collision at the same tempera-
ture, and the efficiency of the former collision partner is attributed
to the lower reduced mass thanks to the significantly lower mass of
helium.

For the CO–diatom collisions, i.e., CO–CO and CO–H2
collisions considered in this study, the number of V–V–T
bound–bound transitions of Eq. (10) are massive, so it is very
time-consuming to use the MQC method to generate the database.
Therefore, we adopted the semiclassical FHO model to obtain
the V–V–T rate coefficients of CO–diatom collisions. Specifi-
cally, for the CO–CO collision, a Morse intermolecular potential
V(R) = Em⋅[1 − exp(−αR)]2 was adopted with α = 4.5 Å−1 and
Em = 180 K, which is close to the potential well in the parallel
configuration (with two CO monomers at their equilibrium bond
distances) of the highly accurate six-dimensional potential energy
surface of the CO + CO system developed in Ref. 75. The steric
factor for the V–T process SV–T equals 4/9 and for the V–V–T pro-
cess SV–V–T equals 1/27, as proposed in the work of Adamovich
et al.,48 and the collisional cross section σ equals 44.5 Å2. It is seen
in Fig. 4(a) that the FHO (using the above parameters) rate coef-
ficients of the process CO (vi = 1) + CO (wi = 0) → CO (vf = 0)
+ CO (wf = 0) agree well with the available experimental values.18,76

The FHO model with the above settings was then used to calcu-
late the V–V–T rate coefficients of the CO–CO collision, covering
vi = 0–19 and wi = 0–19 of two CO monomers. Moreover, for

FIG. 3. (a) Rate coefficients for the V–T process CO (v i = 1) + He→ CO (v f = 0) + He calculated by the MQC method, and experimental data of Refs. 14 and 70 are also
reported. (b) Rate coefficients for the V–T process CO (v i = 1) + Ar→ CO (v f = 0) + Ar calculated by the MQC method and FHO model, and the fitting experimental data of
Ref. 74 are also shown.
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FIG. 4. (a) Rate coefficients for the process CO (v i = 1) + CO (w i = 0)→ CO (v f = 0) + CO (wf = 0) calculated by the FHO model, and experimental data of Refs. 18 and
76 are also reported. (b) Rate coefficients for the process CO (v i = 1) + H2 (w i = 0)→ CO (v f = 0) + H2 (wf = 0) calculated by the FHO model, and the experimental data
of Ref. 12 are also shown.

the CO–H2 collision, the FHO parameters are set as follows:
Em = 200 K (chosen in the same order of magnitude as the above
CO–CO collision), α = 5.1 Å−1 (tuned to obtain good agreement
with the experimental rate coefficients reported in the following),
SV–T = 4/9, SV–V–T = 1/27, and σ = 40.0 Å2. Figure 4(b) shows that
the FHO rate coefficients of the process CO (vi = 1) + H2 (wi = 0)
→ CO (vf = 0) + H2 (wf = 0) agree well with the available experi-
mental values12 at a temperature range of 1000–3000 K, within the
interested reflected shock wave conditions in the present study. It
is clearly shown by comparing the data in Figs. 4(a) and 4(b) that
the CO–H2 collision is significantly more effective than the CO–CO
collision due to mass effects. The FHO model with the above para-
meters was then used to calculate the V–V–T rate coefficients of
the CO–H2 collision, covering vi = 0–19 of CO and wi = 0–1 of H2
(The energies are taken from Ref. 77. Note that ωe = 4401.2 cm−1 for
H2

69 is much higher than ωe = 2169.8 cm−1 for CO. As a result, the
energy spacing in H2 is much greater, and adding more vibrational
states of H2 does not yield any discernible differences in the present
results due to their much lower population). All the above state-to-
state rate coefficient datasets of Eqs. (9) and (10) are available in the
supplementary material, S1.

The master equations of CO vibrational states, Eq. (8), were
solved by the variable-order variable-step implicit method.78 The
initial number densities of CO vibrational states are evaluated by
Boltzmann distribution under the experimentally measured vibra-
tional temperature immediately behind the reflected shock wave.
Previous studies8,9,37,38 have shown that the temperature and pres-
sure instabilities induced by the nonideal effects of shock tube
significantly affect the thermodynamic states and reactivities of
the reactive mixtures. Using measured pressure and temperature
profiles as inputs during kinetics simulation helps diminish the
influences caused by the gaps between experiments and simu-
lations. Therefore, the measured pressure and temperature pro-
files were applied to the predictions based on the Landau–Teller
model and the predictions of the StS approach. In each time

step, the vibrational energy was allowed to transfer at a constant-
volume state and then the mixture was isentropically compressed
(or expanded).

The StS calculation gives detailed information on the popu-
lation of vibrational energy states (vibrational distribution func-
tion), from which one can extract the values of macroscopic
vibrational temperatures, i.e., the vibrational temperature of the
first-excited state Tv,1 and the average vibrational temperature Tv
(whose definition will be given in Sec. III D). Specifically, Tv,1
is defined in a general form as the number density ratio of the
first-excited state to the ground state, i.e.,

Tv,1 =
ev(1) − ev(0)

kB ln ([CO(1)]/[CO(0)])
, (11)

where ev(i) is the vibrational energy of vibrational state i. Since the
experimental data of Tv obtained in this work is measured from the
P(0, 21)/P(1, 21) line pair, it can be characterized by Eq. (11).

III. RESULTS AND DISCUSSION
A. Rotational and vibrational temperature time
histories of mixtures 1–3 behind reflected shock
waves

In this section, the time-dependent Trot and Tvib measure-
ments are shown during the vibrational relaxation processes of CO
in mixtures 1–3 behind reflected shock waves. Detailed informa-
tion (including the fill gas pressure and temperature in the low-
pressure driven section, the velocity of the incident and reflected
shocks, the velocity of the gas behind the incident shocks, and
the raw data of measured pressure, rotational temperature, and
vibrational temperature) of all the experiments is provided in
the supplementary material, S2. The measured data were com-
pared with predictions based on the Landau–Teller model and the
StS approach to reveal the physicochemical processes of thermal
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nonequilibrium CO. Specifically, for the measured data, the
Landau–Teller model predictions, and StS simulations, the vibra-
tional relaxation time is evaluated based on the time point when the
vibrational energy of CO reaches (1 − e−1) its equilibrium value. We
checked that for the Landau–Teller predictions, the obtained vibra-
tional relaxation time is almost equal to the data obtained based on
the Millikan–White relationship.

Figure 5 shows the comparisons of different temperatures for
shock-heated thermal nonequilibrium CO/Ar mixture (mixture 1)
at T5,0 = 1727 K and p5,0 = 3.8 bar. The calculated temperature (black
line) was obtained from T5,0, p5,0, measured pressure, and isen-
tropic relationship, while Trot (pink line) was measured by the P(0,
21)/P(0, 37) line pair. The abovementioned temperatures instan-
taneously reached a thermal equilibrium state after passage of the
reflected shock and were highly consistent in the 1.2-ms time scale,
indicating that the translational and rotational degrees of freedom
of CO quickly relaxed into equilibrium. The two temperatures do
not show a decreasing trend because the CO in mixture 1 is highly
diluted in Ar, and the vibrational energy of CO occupies only a
small part of the internal energy of mixture 1. In addition, the two
temperatures increased by ∼ 50 K at 1.2 ms due to the unstable
behaviors of temperature and pressure induced by nonideal effects
inside the shock tube. On the contrary, the measured Tvib from the
P(0, 21)/P(1, 21) line pair experienced a relaxation process and then
reached a vibrational equilibrium state. The measured Tvib value
was compared with predictions based on the Landau–Teller model

and the StS approach assuming the gas is in a constant-volume hot
environment (heat bath), as shown in Figs. 5(a) and 5(b). In the
simulations, the Tvib value was calculated starting from 522 K, con-
sidering it has been pre-excited by the incident shock in a time scale
of ∼60 μs. The predictions based on the Landau–Teller model were
obviously slower than the measured data and were lower than the
experimental values in the equilibrium state. It is seen in Fig. 5(b)
that, in the vibrational relaxation process, the predictions based on
the StS approach agreed well with the measured data, but the predic-
tions in the equilibrium state were slightly lower than the measured
data. Furthermore, the measured pressure and temperature profiles
were used as inputs for the calculations based on the Landau–Teller
model and the StS approach, as shown in Figs. 5(c) and 5(d), respec-
tively. The predictions from the Landau–Teller model were still
slower than the measured data. However, the two were highly con-
sistent in the equilibrium state. The predictions based on the StS
approach agreed well with the measured data in both the exci-
tation and equilibrium states. The use of measured pressure and
temperature profiles as inputs helps reveal the effects of unstable
gas-dynamic behaviors on the vibrational relaxation process of CO.
Therefore, in the following part, the measured pressure and tem-
perature profiles were used as inputs for the data processing of
mixtures 2 and 3.

For specific experiments (for example, in Figs. 5–7 and
Figs. 9–12), the measured vibrational temperature drops between the
incident and reflected shock waves. This phenomenon is due to the

FIG. 5. Comparisons of different temperatures for shock-heated thermal nonequilibrium 1.0% CO/99.0% Ar mixture (mixture 1) at T5,0 = 1727 K and p5,0 = 3.8 bar. (a): The
value of Tvib was calculated using the Landau–Teller model and the nonideal effects were not considered. (b): The value of Tvib was calculated using the StS approach and
the nonideal effects were not considered. (c): The value of Tvib was calculated using the Landau–Teller model and the nonideal effects were considered. (d): The value of
Tvib was calculated using the StS approach and the nonideal effects were considered.
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beam schlieren effects caused by the incident and reflected shocks.
The temperature of the unperturbed gas is at room temperature and
beyond the trustable measurement temperature range of the current
TDLAS. Therefore, in Figs. 5–7 and Figs. 9–12, the data before the
arrival of the incident shock were removed.

The uncertainty in measured Tvib is 3.2% and in measured Trot
is 3.1%. For a detailed uncertainty analysis, the readers are referred
to the work of He et al.30,62 The error bars are shown in the measured
data on panel (a) of Figs. 5–7 and 12.

Figure 6 compares different temperatures during the vibra-
tional relaxation process of the CO/Ar mixture with 1.0% He addi-
tion at T5,0 = 1745 K and p5,0 = 2.2 bar. Helium is a candidate to
accelerate the vibrational relaxation process of CO during the cal-
ibration of high-temperature spectral data. In addition, helium is
one of the choices for regulating the vibrational relaxation process
of high-temperature thermochemical nonequilibrium gases.8,9 The
addition of 1.0% He accelerated the relaxation process of CO. For
mixture 2 in Fig. 6, the predictions based on the Landau–Teller
model were still slower than the measured data while the results

calculated from the StS approach agreed well with the measured
data. A detailed explanation for this phenomenon will be presented
in Sec. III B.

Furthermore, the effects of 1.0% H2 addition on the vibrational
relaxation process of the CO/Ar mixture (mixture 3) at T5,0 = 1578 K
and p5,0 = 2.3 bar are shown in Fig. 7. H2 is a key intermediate dur-
ing the combustion process of hydrocarbon fuels. In addition, H2 is
a commonly used molecule to accelerate the vibrational relaxation
process of target species in the TDLAS measurements. Comparisons
of different temperatures were similar to the aforementioned results
shown in Figs. 5 and 6, and the StS results agreed well with the mea-
sured data. The effects of H2 addition and the modifications on the
Millikan–White vibrational relaxation data of the CO–H2 system
will be discussed in Sec. III B.

B. Vibrational relaxation data of mixtures 1–3
Figure 8 summarizes the vibrational relaxation data of mix-

tures 1–3 in the temperature range of 1110–2820 K. The vibrational
relaxation data (p × τ) instead of the relaxation times were plotted

FIG. 6. Comparisons of different temperatures for shock-heated thermal nonequilibrium 1.0% CO/1.0% He/98.0% Ar mixture (mixture 2) at T5,0 = 1745 K and p5,0 = 2.2 bar.
(a): The value of Tvib was calculated using the Landau–Teller model and the nonideal effects were considered. (b): The value of Tvib was calculated using the StS approach
and the nonideal effects were considered.

FIG. 7. Comparisons of different temperatures for shock-heated thermal nonequilibrium 1.0% CO/1.0% H2/98.0% Ar mixture (mixture 3) at T5,0 = 1578 K and p5,0 = 2.3 bar.
(a): The value of Tvib was calculated using the Landau–Teller model and the nonideal effects were considered. (b): The value of Tvib was calculated using the StS approach
and the nonideal effects were considered.
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FIG. 8. Comparisons of vibrational relaxation data of mixtures 1–3 in the
temperature range of 1110–2820 K.

TABLE II. Modifications for the Millikan–White relaxation data.

System Original data, A Corrected data, A

CO–Ar 213.00 202.55
CO–He 99.00 ⋅ ⋅ ⋅

CO–H2 68.00 64.19

considering the latter are pressure-dependent. Adding 1.0% He and
H2 accelerated the vibrational relaxation process of CO, especially
for H2. The vibrational relaxation data exhibit approximately a lin-
ear relationship with T−1/3 in the target temperature. Predictions
based on the Landau–Teller model and StS approach were shown as
comparisons. In the current temperature range, the predictions from
the StS approach agreed well with the measured data for mixtures
1–3; however, the values predicted from the Landau–Teller model
and Millikan–White fitting data18 were higher than the measured
data, especially for mixtures 1 and 3. Based on the measured data

and the calculated data from the StS approach (extend to the low-
temperature range where there is no measurement for the CO–Ar
system), the fitting parameter, A, in the Millikan–White relation-
ship was modified for the CO–Ar and CO–H2 systems, as shown
in Table II. The predictions based on the Landau–Teller model and
the modified Millikan–White relaxation data agreed well with the
measured data, as shown by the solid lines in Fig. 8.

The uncertainty in vibrational relaxation data is derived from
each item in Eq. (7) using the Taylor series method of uncer-
tainty propagation.79 The uncertainty in concentrations of CO,
He, and H2 is 1.0%, while the uncertainty in Ar concentration is
negligible. The uncertainty in p × τCO–CO and p × τCO–i is cal-
culated based on the Millikan–White relaxation data, as shown
in Eq. (6). The temperature used in Eq. (6) is derived from the
shock wave velocity and 1D shock wave equation. Therefore, the
uncertainty in Ttr is assumed as 1.0%. At 2000 K, the uncertain-
ties in vibrational relaxation data for the three mixtures are all
around 5.4%.

The value of Tvib of mixtures 1 and 2 was recalculated based on
the Landau–Teller model and modified vibrational relaxation data
of the CO–Ar system, as shown in Figs. 9(a) and 9(b), respectively.
Compared with the results in Fig. 5(c) and 6(a), the calculated Tvib
values agreed well with the measured data, indicating the reliability
of the modified fitting parameter (A) for the CO–Ar system. Con-
sidering the good agreement between measured and calculated data
for mixture 2, the fitting parameter for the CO–He system was not
modified in the present study.

The value of Tvib for mixture 3 was recalculated based on the
Landau–Teller model and modified vibrational relaxation data of the
CO–Ar system and the CO–H2 system, as shown in Fig. 10. As seen
in Fig. 10(a), compared with the results in Fig. 7(a), the calculated
data with modified relaxation data of the CO–Ar system were closer
to the measured data, but there was still a gap. Furthermore, by also
considering the modified data of the CO–H2 system (in Table II), the
predictions were highly consistent with the measured data, as shown
in Fig. 10(b).

It is seen from the above results of mixture 2 that adding
a small amount of helium accelerates the vibrational relaxation
process of CO. The potential well depths of CO–Ar and CO–He

FIG. 9. Calculated Tvib based on the Landau–Teller model and modified vibrational relaxation data for (a): mixture 1 and (b): mixture 2.
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FIG. 10. Calculated Tvib based on the Landau–Teller model and modified vibrational relaxation data for mixture 3. (a): The modified data of the CO–Ar system was considered.
(b): The modified data of CO–Ar and CO–He systems were considered.

systems are 107.1 cm−172 and 22.34 cm−1,69 which show weakly
bound of both systems and are not significantly different. Given this,
the main reason for helium acceleration is that CO–He collisions
are more effective than CO–Ar (and CO–CO) collisions due to the
lower mass of helium. Vibrational relaxation is a velocity-dependent
process,12 so the reduced mass of the collision partners controls the
magnitude of parameter A in Table II.

More appreciable acceleration occurs when adding a small
amount of H2 in mixture 3. The reason for this is either that the
near-resonance process [V–R process, i.e., CO (v = l) + H2 (j)
→ CO (v′= 0) + H2 (j′)] comes into play or the low reduced
mass of CO–H2 collision. However, the former case is almost inde-
pendent of the temperature and is anticipated to be less efficient
than the V–T process80 (which increases fast with temperature) at

the temperatures of the present conditions. Therefore, the lowest
reduced mass results in the lowest parameter A of CO–H2 collision
in Table II.

The optical windows for the TDLAS system were fixed at
20 mm from the endwall of the driven section. In each experiment,
the gas mixture near the endwall region was first compressed and
heated by the incident shock wave. Then, the reflected shock wave
will compress and heat the gas mixture again. Herein, mixture 3
was used as an example to show the comparisons of different tem-
peratures and to reveal the real states behind the incident shock,
as shown in Fig. 11. The measured Trot (pink line) instantaneously
reached an equilibrium state after passage of the incident shock.
CO was pre-excited by the incident shock and the measured Tvib
of CO (red line) increased over time. The predictions based on the

FIG. 11. Comparisons of different temperatures behind the incident and reflected shock waves. Pink line, measured T rot ; red line, measured Tvib; green line, calculated Tvib
based on the Landau–Teller model and original Millikan–White fitting data; black line, calculated Tvib based on the Landau–Teller model and updated vibrational relaxation
data; cyan, calculated Tvib based on the Landau–Teller model, updated vibrational relaxation data, and corrected time coordinates; gray line, calculated Tvib based on the
StS approach; blue line, calculated Tvib based on the StS approach and corrected time coordinate. (a): The Tvib value was calculated using the Landau–Teller model. (b):
The value of Tvib was calculated using the StS approach.
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Landau–Teller model are shown in Fig. 11(a). The green line rep-
resents the calculated Tvib based on the original Millikan–White
fitting data.18 It is expected that the calculated Tvib is slower than
the measured data. The black line represents the calculated Tvib
based on the modified Millikan–White relaxation data. The calcu-
lated data showed good agreement with the measurements behind
the reflected shock but were still slower than the measured values
in the region behind the incident shock. Hooker and Millikan12

pointed out that the vibrational relaxation time is in the laboratory
coordinates for the conditions behind the incident shock. It must be
converted into the gas time coordinates by multiplying by the den-
sity ratio across the shock, considering there is gas velocity behind
the incident shock and the observer’s time scale differs from the
internal one. Therefore, the vibrational relaxation data were mod-
ified with the density ratio and the calculated Tvib (cyan line) agreed
well with the measured data. The corresponding predictions based
on the StS approach are shown in Fig. 11(b). Considering the the-
oretical stagnation state behind reflected shocks, we assumed that
the observer’s time scale is equal to the internal time scale behind
reflected shocks and the coordinate conversion was not considered
for the vibrational temperature calculations in Figs. 5–7, 9, and 10.
It should be noted that the time coordinate transformation must be
considered for the vibrational relaxation studies in the complex flow
field.

C. Effects of H2O
Previous studies13,63 have highlighted that the near-resonance

transfer between CO vibration and H2O rotation or the H2O vibra-
tional bending mode efficiently accelerates the vibrational relaxation
process of CO. The air contains H2O. The test gas can be eas-
ily contaminated by moist air through shock tubes, the gas mix-
ing vessel, and/or connection parts. Additionally, H2O is easily
enriched in gas cylinders. Figure 12 shows the measured Tvib of
mixture 1 from two experiments in our laboratory. The predic-
tions based on the Landau–Teller model and modified vibrational
relaxation data are also shown as a comparison. For the results
in Fig. 12(a), the Ar was not specially purified and the mea-
sured data increased faster than the calculated data. For the results
in Fig. 12(b), highly purified Ar (99.9999%) was used and the

shock-tube system was carefully checked to minimize the potential
leakage; the measured data agreed well with the predicted val-
ues. Diminishing the interferences of H2O is a key prerequisite for
ensuring accurate Tvib time-history measurements, especially for
mixture 1. Our future studies will especially focus on the acceler-
ation effects of H2O on the vibrational relaxation process of CO
and try to obtain the near-resonance rate coefficient of vibrational
energy transfer between CO and H2O over a wide temperature
range.

D. Characterization of the vibrational temperature
In addition to the vibrational temperature of the first-excited

state Tv,1 defined in Eq. (11), one can also extract the average vibra-
tional temperature Tv from StS results. Specifically, the average
vibrational temperature is represented by the total vibrational energy
as

∑i [CO(i)]ev(i)
∑i [CO(i)]

=
∑i ev(i) exp (−ev(i)/kBTv)

∑i exp (−ev(i)/kBTv)
. (12)

However, it is seen from Fig. 13 that the vibrational tem-
peratures defined in the above two ways are very close in the
present cases for mixtures 1–3 (the details of the cases are described
in the caption). One reason is that the translational tempera-
tures behind the reflected shock waves are less than 3000 K,
so the CO molecules mostly populate in the ground and first-
excited vibrational states, which comprise a large proportion of
vibrational energy. Another cause for similar vibrational temper-
atures is that, as will be seen in Fig. 14, the lower vibrational
states are easier to get to equilibrium than the higher states, and
although the latter show a deviation from the Boltzmann popula-
tion, their number densities are orders of magnitude lower than the
former.

Figure 14 reports the nonequilibrium vibrational distribution
functions of CO behind reflected shock waves for the above cases
of mixtures 1–3. It is found that when t = 0.05 ms, the normal-
ized population of higher vibrational levels of CO is significantly
larger than the corresponding Boltzmann distribution and displays
a state of “overpopulation,” because a large number of molecules

FIG. 12. Effects of H2O on the vibrational relaxation process of CO. (a): T5,0 = 2053 K, p5,0 = 2.0 bar. (b): T5,0 = 1992 K, p5,0 = 2.1 bar.
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FIG. 13. Comparisons of the vibrational temperature of the first-excited state Tv,1
and the average vibrational temperature Tv for mixture 1: 1.0% CO/99.0% Ar mix-
ture at T5,0 = 1727 K and p5,0 = 3.8 bar, mixture 2: 1.0% CO/1.0% He/98.0%
Ar mixture at T5,0 = 1745 K and p5,0 = 2.2 bar, and mixture 3: 1.0% CO/1.0%
H2/98.0% Ar mixture at T5,0 = 1578 K and p5,0 = 2.3 bar.

from low vibrational levels are transited to high vibrational lev-
els via the V–T energy transfer. Since the considered conditions
depicted in Fig. 14 are in weak nonequilibrium, the vibrational
distribution functions at t = 0.05 ms and t = 0.10 ms manifest
as bi-modal Boltzmann distributions, which implies that one can
trace two straight lines and reproduce well the nonequilibrium in
these vibrational distributions. As time increases, the nonequilib-
rium population tends to Boltzmann population, and the system
approaches equilibrium. It is obvious in Fig. 14(c) that the nonequi-
librium populations are closer (than other panels) to the equilibrium
population for the selected times because of the faster vibrational
relaxation time of mixture 3 due to the existence of H2. More-
over, it is found in Fig. 14 that, in the present cases of interest,
the largest vibrational energy level (i = 19) considered herein is ten
orders of magnitude less populated than the ground state, which
shows why we chose an incomplete vibrational ladder of CO in this
paper.

FIG. 14. Normalized population of vibrational energy levels of CO behind reflected shock waves for (a) mixture 1: 1.0% CO/99.0% Ar mixture at T5,0 = 1727 K and
p5,0 = 3.8 bar, (b) mixture 2: 1.0% CO/1.0% He/98.0% Ar mixture at T5,0 = 1745 K and p5,0 = 2.2 bar, and (c) mixture 3: 1.0% CO/1.0% H2/98.0% Ar mixture at T5,0 = 1578 K
and p5,0 = 2.3 bar.
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IV. CONCLUSION
In this study, three interference-free transition lines in the

fundamental vibrational band of CO, P(0, 21), P(1, 21), and
P(0, 37), were selected to develop the TDLAS system for simul-
taneous rotational and vibrational temperature time-history mea-
surements during the vibrational relaxation process of CO with
Ar, He, and H2 as collision partners behind shock waves. The
tunable mid-infrared lasers provided a fast, in situ, time-resolved,
and state-specific method for rotational and vibrational tempera-
ture measurements by probing individual energy levels of the target
species, and the TDLAS technique is well suited for the shock-tube
studies on vibrational relaxation of CO.

As shown in the present experimental measurements, the rota-
tional temperature instantaneously reached an equilibrium state
after the passage of the shock wave and was found to agree well with
the calculated temperature obtained from the measured pressure
and isentropic relationship. The vibrational temperature experi-
enced a vibrational relaxation process before reaching the equilib-
rium state. The time-dependent vibrational temperature and the
summarized vibrational relaxation data (p × τ) were compared with
predictions based on the Landau–Teller model and StS approach.
The new datasets of the state-specific inelastic rate coefficients of
CO–Ar, CO–He, CO–CO, and CO–H2 collisions were calculated
in this study using the mixed quantum-classical method and the
semiclassical forced harmonic oscillator model. The StS approach
showed very good performances in predicting the time-dependent
vibrational temperature and vibrational relaxation data of CO with
Ar, He, and H2 as collision partners, while the Landau–Teller model
predicted a slower vibrational relaxation process than the mea-
sured data. Modifications were applied to the Millikan–White relax-
ation data of the CO–Ar and CO–H2 systems, and the predictions
based on the Landau–Teller model and modified parameters agreed
well with the measured vibrational temperature and vibrational
relaxation data.

In addition, the measured and calculated vibrational tempera-
ture behind incident shock waves were compared to highlight the
necessity of coordinate conversion for vibrational temperature cal-
culations in complex flows. Moreover, the acceleration effects of
H2O on the vibrational relaxation process of CO were primarily
shown by comparing the measured vibrational temperature from
test gases with different purities. Finally, the detailed vibrational
distribution functions of CO were obtained from the StS calcula-
tions, and the nonequilibrium distributions were found at the early
stage of vibrational relaxation for the studied mixtures, with the
higher vibrational levels of CO significantly larger than the corre-
sponding Boltzmann distribution. It should be noted that chemical
reactions are not considered in the present StS kinetics. This limita-
tion stems from the fact that the experiments reported in Table I only
extend up to 2820 K, so the present study focuses on pure vibrational
relaxation. Work is in progress on doing higher temperature shock-
tube experiments and developing StS kinetics that incorporate the
consideration of very high vibrational states of CO and chemical
reactions.

SUPPLEMENTARY MATERIAL

Supplementary material S1 includes the new datasets of vibra-
tional StS rate coefficients of the collision between CO and additives

calculated using the mixed Quantum-Classical method and the FHO
model. Supplementary material S2 includes detailed information
(including the fill gas pressure and temperature in the low-pressure
driven section, velocity of the incident and reflected shocks, velocity
of the gas behind the incident shocks, and raw data of the measured
pressure, rotational temperature, and vibrational temperature) of all
the experiments.
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