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Abstract

A mid-infrared interference-free laser absorption technique for simultaneously measuring
rotational temperature, vibrational temperature, and CO concentration was developed for
application to shock-tube studies on thermochemical non-equilibrium CO over 1000-3000 K.
Three transition lines in the fundamental vibrational band of CO (P(0, 21), near 4.87 um, P(1,
21), near 4.93 um, and P(0, 37), near 5.05 um) were selected. The P(0, 21)/P(1, 21) line pair
was used for vibrational temperature measurements whereas the P(0, 21)/P(0, 37) line pair was
used for rotational temperature measurements. Spectroscopic parameters for developing the
technique were measured: line strengths and collisional broadening data in Ar were obtained at
1040-2940 K. Validation experiments for the thermometry system were performed in
shock-heated thermal-equilibrium CO/Ar mixtures at 1050-3010 K and 1.1-2.8 bar. The
time-dependent rotational and vibrational temperatures were measured during the vibrational
relaxation processes of CO. The technique showed high sensitivity in detecting the rotational
and vibrational temperatures. The measured rotational temperature agreed well with the
temperature calculated using the measured pressure and isentropic relationship. The measured
vibrational temperature showed good agreement with the predictions using the Landau and
Teller theory and Millikan and White relationship. The time-dependent CO concentration
during the oxidation processes of n-heptane over a wide temperature range (1350-2750 K) was
measured considering n-heptane as one of the alternative fuels for the scramjet. The
interference-free laser absorption strategy showed good flexibility in detecting the CO
concentration at ultra-high temperatures. The measured results showed overall good agreement
with the predictions from two detailed mechanisms and one skeletal mechanism. The reactivity
of n-heptane was found to be insensitive to the temperature increase at ultra-high temperatures
(>2100 K).

Supplementary material for this article is available online
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1. Introduction

Predicting and managing heat transfer during the entry pro-
cess is a key prerequisite for deep space exploration. The
main component of Martian atmosphere is CO,. The heat
transfer during Mars entry is different from that during Earth
reentry. During the Mars entry, the entry velocity is higher
than 3 km h~!. The Martian atmosphere in the shock layer
is quickly decomposed into CO, O,, and other species [1].
Johnston et al [2] reported that the radiative heating for
the Mars Pathfinder probe is significant relative to the con-
vective heating. Cruden er al [3] proceeded with absolute
radiation measurements in Mars and Venus entry conditions
using the NASA Ames’ Electric Arc Shock Tube. Cruden
et al [4] and MacDonald er al [5] performed the quantit-
ative measurements of temperature, CO, and CO, number
densities in the incident-shock-heated environments using the
same facility. These studies demonstrated that the CO radi-
ation in CO fourth positive band dominates the overall radi-
ation in the shock layer. Park et al [1] developed the kinetics
mechanism to describe the thermochemical non-equilibrium
states of Martian atmosphere during Mars entry. The two-
temperature model was developed to describe the reaction
rate coefficients for the Martian atmosphere. Brandis et al
[6] and Johnston and Brandis [7] reported the correspond-
ing modeling analyses on radiation from the shock-heated
high-temperature gases. These studies highlighted that sim-
ulations using thermodynamic equilibrium assumptions sub-
stantially underpredicted the measured data. Therefore, under-
standing the real thermodynamic states (e.g., translational,
rotational, and vibrational temperatures, simplified as T, T,
and T, respectively) of CO, and its dissociated products in
the shock layer is a key prerequisite to accurately predicting
radiation heating.

In addition, online monitoring of temperature and spe-
cies concentration in combustion is necessary to understand
the key processes and optimize the combustor performance.
When the Mach number of the hypersonic air-breathing
vehicle reaches 610, the stagnation temperature in the com-
bustor reaches 2000-5000 K [8]. The combustion chamber
works in ultra-high-temperature and extreme-fast-flow envir-
onments, which brings tremendous challenges to the highly-
selective measurements of target parameters with enough time
resolution. CO is a key intermediate during fuel-lean and
stoichiometric combustion of hydrocarbons and is a main
product during fuel-rich combustion. In addition, the CO
concentration in the burnout state is an important indicator
for evaluating combustion efficiency. Therefore, developing
measurement techniques for accurate temperature and species-
concentration measurements in ultra-high-temperature envir-
onments is necessary for understanding the transient com-
bustion process in engine combustors. n-Heptane is one
of the alternative fuels for the scramjet [9]. The combus-
tion behaviors of n-heptane are well studied considering
it is a primary reference fuel for gasoline. Many research

groups developed detailed kinetics mechanisms describing the
reaction processes of n-heptane and skeletal mechanisms for
utilization in computational fluid dynamics [10-16]. However,
at ultra-high temperatures, experimental studies on n-heptane
and validation of kinetics mechanisms are still lacking in
the literature.

Laser interferometry [17] and gas emission [18] are com-
monly used methods to measure the vibrational relaxation time
of shock-heated thermal non-equilibrium gases. Tunable diode
laser absorption spectroscopy (TDLAS) is a highly-selective
and non-intrusive technique for simultaneous temperature and
species-concentration time-history measurements with micro-
second time resolution. Several research groups developed the
TDLAS technique for time-resolved measurements of multi-
parameters behind shock waves and provided valuable data for
studies on chemical non-equilibrium processes including com-
bustion and propulsion [19-23]. In addition, highly-selective
measurements of temperature in different freedoms (e.g., rota-
tion and vibration) in the non-equilibrium processes can be
achieved by selecting different transition lines of the target
species. The Hanson research group at Stanford University
has developed the laser absorption technique using transition
lines of O, and NO and performed quantitative measurements
of key parameters during the vibrational excitation and dis-
sociation processes of target species in ultra-high temperat-
ure region [24-27]. The transition lines in the fundamental
vibrational band of CO distribute in the spectral region of
4.5-5.0 um. Note that the transition lines of CO, and H,O
also distribute in this spectral region. CO, and H,O exist in
the atmosphere. In addition, the two species are the main
products during hydrocarbon combustion. He et al [28] and
Mulvihill and Petersen [29] measured the high-temperature
absorption cross-section of CO; at the centers of CO R-branch
lines and subtracted the CO, interferences in advance for the
measurements in reacting mixtures. However, this approach
depends on predicted temperature and CO;-concentration time
histories, which causes additional uncertainties in the meas-
ured data. MacDonald et al [5] performed CO number density
measurements in the shock-heated pure CO environment by
selecting the CO R(0, 51) line. Jelloian et al [30] developed
the translational, rotational, and vibrational thermometry by
selecting the R(0, 66), P(0, 31), P(2, 20), and P(3, 14) lines
in the fundamental vibrational band of CO. However, broad-
band interferences of CO, absorbances are observed at the
centers of R(0, 51) and R(0, 66) lines, which limits the
flexibility of highly-selective measurements in CO,-enriched
environments.

The kinetics shock tube is an ideal high-temperature facil-
ity for studies on high-temperature spectroscopy and ther-
mochemical non-equilibrium gas kinetics. Several groups
[31-35] performed high-temperature spectrum calibration
behind reflected shock waves to obtain the parameters
including the line strength, collisional broadening coeffi-
cient, and absorption cross-section. Studies on the vibra-
tional excitation and decomposition of high-temperature gases
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were also reported using the shock-tube facility [24-27,
36]. However, for the measurements of thermochemical
non-equilibrium CO, selecting specific transition lines and
calibrating the spectral parameters at elevated temperatures
is necessary.

In this study, a mid-infrared interference-free TDLAS
technique was developed for simultaneous measurements of
time-resolved T,,, T,i», and CO concentration for studies
on the shock-heated thermochemical non-equilibrium CO.
Firstly, the transition lines in the fundamental vibrational
band of CO, P(V' =0, J" = 21), P =1, J" = 21), and
PG =0,J" = 37), were selected to develop the interference-
free laser absorption technique. These lines were simplified
as P(0, 21), P(1, 21), and P(0, 37) in the following part.
The P(0, 21)/P(1, 21) line pair was used for 7,;, measure-
ments whereas the P(0, 21)/P(0, 37) line pair was used for
T,,; measurements. The temperature-dependent line strengths
and collisional broadening coefficients in Ar were meas-
ured to develop the laser-absorption system considering the
spectroscopic parameters are still lacking in the literature.
The technique was subsequently demonstrated by measuring
temperature and CO concentration in shock-heated thermal
equilibrium nonreactive mixtures. The technique was then
applied to temperature and CO concentration measurements
during the vibrational relaxation processes of shock-heated
CO/Ar mixture and the oxidation processes of nC7H;¢/Oy/Ar
mixtures. The measured data were compared with predic-
tions from the corresponding models to validate the selectiv-
ity and feasibility of the proposed technique. Additionally,
the measured data from reactive nC;H;¢/O,/Ar mixtures
were used to show the reactivity of n-heptane over a wide
temperature range.

2. TDLAS

2.1 Theory

This section briefly introduces the basic theory of TDLAS
[20]. When a narrow bandwidth laser beam transmits
through a uniform gas medium, the intensity of the incid-
ent beam follows the Beer—Lambert law as described in
equation (1)

I’/Io =exp[—pS;i (T)xLep (vi)] = exp[—a(vi)] (D)

with the transmitted beam intensity /;, the pressure p, the
line strength at a given temperature S;;(T), the mole fraction
of the target species x, the optical path L, the line center of
the target transition v;;, the line shape function o(v;;) (here:
Voigt), and the absorbance a(vj;). In the thermal equilibrium
state, the temperature-dependent line strength is described as
follows:
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with the reference temperature T, the partition function Q,
the lower-state energy E”, the Planck constant &, the light
speed ¢, and the Boltzmann constant kg. Temperature meas-
urements are obtained by the ratiometric method as described
in equation (3),

T o

The full-width at half maximum of the collisional broaden-
ing, dv,, is described as follows:

T ny
ove=p (Zxk x 27(To) (7?) ) “4)
k

with the mole fraction of the collision partner x;, the room-
temperature collisional broadening coefficient 2, (7j), and
the corresponding temperature exponent ny. 2y, (To) and ny
depend on the specific collision partner. Therefore, measur-
ing the correct collisional information for the target collision
partner is necessary.

In the thermal-equilibrium state, S;;(T) can also be
described as follows:

/ heE'’
A; 8 €XP <_ ksT
Si(T) = lig——— :
& cvi

_ _ hev
Q[(lT) wo(C5) )

with the natural terrestrial isotopic abundance I,, the Einstein
coefficient A;;, and the upper state statistical weight g’.
The above-mentioned parameters can be inferred directly
from the most recent HITEMP database [37]. In thermal
non-equilibrium processes, the translational mode and rota-
tional mode of the gas molecule can easily reach an equi-
librium state, whereas the vibrational mode needs many col-
lisions before it becomes vibrationally excited. Therefore,
the translational and rotational energies are assumed to fol-
low the Boltzmann distribution with the same temperat-
ure (T, = T,,), whereas the vibrational energy independ-
ently follows the Boltzmann distribution with T,;. The
definition of line strength accounting for T, T,p, lower-
state energies, and transition energy changes is shown in
equation (6)
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where Q,,(T,,;) and Q,;,(T,;,) are the rotational and vibra-
tional partition functions, respectively; E//, and E} are the
rotational and vibrational lower-state energies, respectively;
AE,,; and AE,;, are the rotational and vibrational transition
energy changes, respectively. Therefore, selecting the line pair
with its line-strength ratio sensitive to T}, and selecting the
line pair with its line-strength ratio sensitive to 7,;, are pre-
requisites to performing highly-selective and accurate meas-
urements of T,,; and T';p.

Note that in the thermal non-equilibrium process, the trans-
lational mode and rotational mode of CO quickly reach an
equilibrium state. This is also validated in figure 12. Therefore,
T,,; was used to describe the Voigt line shape function for the
selected lines.

2.2. Line selection

Three transition lines in the CO fundamental vibrational band,
P(0, 21), P(1, 21), and P(0, 37), were selected to develop
the TDLAS system considering the limited optical path. The
detailed spectral information of the selected lines are shown in
table 1. The P(0, 21)/P(0, 37) line pair was used for T,,; meas-
urement while the P(0, 21)/P(1, 21) line pair was used for 7,
measurement. Temperature sensitivity defined as equation (7)
is a key parameter limiting the upper temperature range of
the ratiometric method. Note that the temperature sensitivity
should be higher than unity in the target temperature range to
ensure sensitive temperature measurements. The line strength,
temperature sensitivity, and line-strength ratio of the selected
line pairs are shown in figure 1. The temperature sensitivity
of the P(0, 21)/P(0, 37) line pair is higher than unity in 1000—
2600 K, whereas that of the P(0, 21)/P(1, 21) line pair is higher
than unity in 1000-3000 K. The difference in the lower-state
energy of the selected line pair limits the upper limit of tem-
perature measurement for the current method,

(dS;i/Si)  he |Ey' — E'|
@rn "~k T

(N

The spectral lines in the fundamental vibrational band of
CO distribute in the spectral range of 4.5-5.0 um. However,
in this wavelength range, transition lines of CO, and H,O
are observed at room and elevated temperatures, as shown in
figure 2. CO, and H,O widely exist in the atmosphere and the
two species are the main products during hydrocarbon com-
bustion. In addition, the experiments simulating Mars entry
are performed in CO,-enriched environment. The absorbance

6
th (Trot) Qvib (Tvib) ( )

interferences from CO, and/or H,O inevitably bring addi-
tional uncertainties to the measured results and limit the avail-
ability of the TDLAS technique. Therefore, the absorbances
of CO, and H,O were calculated at room and elevated tem-
peratures, as shown in figure 3. For room-temperature case:
p = 1.0bar, T = 300 K, L = 200.0 cm, xco, = 400 ppm,
and xmo = 2.0%. For high-temperature case: p = 3.0 bar,
T =2000 K, L =10.0 cm, xco = 1.0%, xco, = 10.0%, and
xmo = 10.0%. At the line center of the P(0, 37) line, the
absorbance interferences of CO, and H,O are negligible. The
corresponding absorbance calculations for P(0, 21) and P(1,
21) lines are referred to in the previous study [39] (here these
profiles are shown in supplemental material S1). Therefore, the
absorbance interferences of the two species can be neglected
in the data processing procedure in section 4.

This study simulated the line-strength ratios of P(0,
21)/P(0, 37) and P(0, 21)/P(1, 21) line pairs as a function of
T, and T,;, in 1000-3000 K, as shown in figure 4. In the tar-
get temperature range, the line-strength ratio of P(0, 21)/P(0,
37) line pair showed strong dependence on 7, whereas the
line-strength ratio of P(0, 21)/P(1, 21) line pair showed strong
dependence on T,;. Therefore, the selected line pairs can
achieve highly-selective measurements on 7T, and 7.

3. Experiments

3.1 Shock tube facility

Experiments were performed in a kinetics shock tube with
an inner diameter of 10.07 cm, a driver section of 3.3 m,
and a driven section of 6.4 m [39]. Polyethylene terephthal-
ate diaphragms were used to divide the driver and driven
section. Helium was used as the driver gas. Four pressure
transducers (PCB 113B26) installed in the sidewall of the
driven section were used to measure the velocity of the
incident shock. The velocity of the incident shock at the
endwall was calculated through extrapolation. The temper-
ature (T's) and pressure (ps) behind reflected shock waves
were calculated based on the one-dimensional shock-wave
equation. The uncertainties in 7s and ps are around 1.0%
and 1.5%, respectively. For the non-equilibrium process of
CO, the T's and ps were calculated assuming that CO is in a
vibrational frozen state. All transducers were coated with a
thin layer of silicon components (RTV 106) to shield them
from heat transfer and gas ionization. One of the transducers
was installed 20 mm from the endwall to measure the time-
resolved pressure profiles. Two opposing CaF, windows were
installed at the same cross-section for TDLAS measurements.
The windows were wedged at 3° to avoid unwanted beam
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Table 1. Spectral information of CO transition lines. Reprinted from [38], Copyright (2022), with permission from Elsevier.

Transitions ‘Wavenumber
o",J" (em™) Wavelength (nm) Lower-state energy (cm™)
P(0, 21) 2055.40 4865.23 886.90
P(1, 21) 2029.66 4926.93 3022.09
P(0, 37) 1978.93 5053.24 2690.99
1.2 T T T 4 T T 1.0
Line strength —P(0,21) —P(0, 21) / P(0, 37)
10- — P(0, 37) —P(0, 21) / P(1, 21)
' Temperature sensitivity 40.8
T 34 -— o
% 0.8+ E; E
o 5 0.6 ¢
(\E, 0.6- @ g
4 0.4 =
= o (4
& 0.4 1 - g
3
0.2 0.2
0.0 T T T 0 T T T 0.0
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
T/K T/K

Figure 1. Line strengths, temperature sensitivities, and line-strength ratios for line pairs of CO P(0, 21)/P(0, 37) and P(0, 21)/P(1, 21). Data

from the HITEMP [37] database were used here.
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Figure 2. Spectral lines of CO, CO;, and H,O in the fundamental vibrational band of CO. Data from the HITEMP [37] database were used

here.

interferences. The leakage rate of the shock tube is lower than
2.3 x 107 Pamin~".

Table 2 shows the detailed mixture compositions and exper-
imental conditions in this study. All mixtures were prepared
in a 50.24 1 mixture vessel based on Dalton’s law of par-
tial pressure and rested for at least 12 h before use to ensure
homogeneity. The double dilution method was used to prepare
the species with mole fractions lower than 1.0%. Mixture 1
was used for measurements of high-temperature spectral para-
meters of P(0, 21) in 2000-3000 K. Mixture 2 was used for
measurements of high-temperature spectral parameters of P(1,
21) in 2000-3000 K and P(0, 37) in 1000-3000 K. Mixture
3 was used to measure temperature and CO-concentration
time histories behind reflected shock waves and to validate
the accuracy of the selected line pairs. The added H, was
used to accelerate the vibrational relaxation process of CO.

Mixture 4 was used for simultaneous 7,,; and T,;, measure-
ments in the shock-heated thermal non-equilibrium CO/Ar
mixture. Mixtures 5 and 6 were used for time-resolved CO-
concentration measurements during the oxidation processes of
nC7H¢ at equivalence ratios of 2.0 and 1.0 over a wide tem-
perature range. To reduce the effect of potential adsorption gas
on the high-temperature experiments, the test mixtures were
used to wash and clean the inner surface of the driven section
before each shock.

Matthews [40] emphasized that H;O showed an evident
reduction on the vibration relaxation time of CO due to the
near-resonant transfer of vibrational energy between CO and
H,0 molecules. von Rosenberg ef al [41] measured and sum-
marized p7(CO-H,O) as 0.17 atm-psec in 1230-2600 K.
Therefore, for mixture 4, the purity of Ar reaches 99.9999%
with H,O lower than 400 ppb (Air Liquide). He er al [21]
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Figure 3. Simulated CO spectra and interferences of CO, and H,O
absorbances. High-T case: p = 3.0 bar, 7 = 2000 K, L = 10.0 cm,
xco = 1.0%, xcor = 10.0%, and xpgr0 = 10.0%. Room-T case:

p = 1.0bar, T =300 K, L =200.0 cm, xco2 = 400 ppm, and

x20 = 2.0%. Data from the HITEMP [37] database were used here.
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Figure 4. Simulated line-strength ratios as a function of T}, and
Tyip. (2): P(0, 37)/P(0, 21) line pair. (b): P(1, 21)/P(0, 21) line pair.
Data from the HITEMP [37] database were used here.

reported that the formed CO during the pyrolysis of oxygen-
ated hydrocarbons relaxed towards thermal equilibrium very
quickly due to the contribution of formed H,. Therefore, for
mixtures 5 and 6, the formed CO was assumed to quickly reach
a thermal equilibrium state.

3.2. Laser absorption setup

A TDLAS setup was developed for simultaneous T, Ty, and
CO-concentration time-history measurements behind reflec-
ted shock waves, as shown in figure 5. The schematic
was divided into the laser part, the detection part, and the
wavelength-calibration part. In the laser part, three interband
cascade lasers (Nanoplus) were used to access the P(0, 21)
line near 4.87 um, the P(1, 21) line near 4.93 pum, and the
P(0, 37) line near 5.05 um. The three lasers were controlled
by three laser controllers (Arroyo instrument, 6305, combin-
ing the thermoelectric cooler and current elements). The laser
beams were focused into the shock tube by a concave mir-
ror. In the detection part, three mid-IR detectors were used
to detect the corresponding laser beams. Three bandpass fil-
ters (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 diminish thermal emission.
The fixed-wavelength direct-absorption method was used to
ensure the measurement time resolution of 1 ps. Therefore,
in the wavelength-calibration part, a 33.8 cm single-pass
cell and a 23.56 m Herriot cell were used to position the
wavelength of the lasers on the centers of the target lines.
The optical elements corresponding to the P(0, 37) line (laser
and detector) were coupled into our previous TDLAS setup
[39]. The wavelengths of the selected lines were close to one
another. Using commercial (narrow) bandpass filters to separ-
ate the colinear beams is difficult. Therefore, the cross-beam
method was used to ensure the selective detection of beams
from the respective laser only.

The scanned-wavelength direct-absorption method was
used to measure the spectral parameters of the three transition
lines at elevated temperatures. A function generator (Keysight
33510B) was connected to the laser controller to generate a
sinusoidal current with a frequency of 2.0 kHz. A 76.2 mm
germanium etalon with a free spectral range of 0.016 cm™'
was used to convert the absorbance feature from the time
domain into the frequency domain. Detailed results and cal-
ibrated spectral information were shown in section 5.1. Note
that the hot region behind reflected shock waves is not tempor-
ally invariant constant due to the non-ideal effects inside the
shock tube. Therefore, during the calibration process, the tem-
perature was calculated based on T's, ps, measured pressure,
and isentropic relationship.

The relative vibrational amplitudes of the three laser beams
were all lower than 0.2% in one shock. The experiments with
the lasers switched off showed that the relative amplitudes of
thermal emission were all below 0.4% at 2962 K and 1.3 bar
for the three detectors in figure 5. Therefore, the effects of
beam vibration and gas emission were neglected in this study.
The detailed results are shown in supplemental material S2.

4. Data processing procedure

An iterative process was used to automatically calculate the
Tyor, Tyip, and CO concentration (xco) for the shock-heated
thermal non-equilibrium mixture (mixture 4) at each time
point behind reflected shock waves, as shown in figure 6. The
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Table 2. Mixture compositions and experimental conditions.

Mixture# CO, mol% H,, mol% nC7H;¢, mol% 0O,, mol% Ar, mol% plbar T/K 1)
1 1.0 2.0 — — 97.0 ~1.2 2100-2920 —
2 1.5 2.0 — — 96.5 ~1.2 1040-2940 —
3 1.0 2.0 — — 97.0 1.1-2.8 1050-3010 —
4 1.0 — — — 99.0 2.1 1846 —
5 — — 0.06 0.33 99.61 1.6-2.3 1510-2750 2.0
6 — — 0.06 0.66 99.28 1.7-2.5 1350-2380 1.0
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]

Single-pass cell
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1
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w i ;
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Figure 5. Schematic diagram of the laser absorption setup. (PM: plane mirror; FM: flip mirror; CM: concave mirror; BS: beam splitter;

D: detector).

Iy, I;, and measured pressure were used as inputs. For each
time point, initial Ty, Typ, and xco were assumed to start
the iterative process. Then, the code calculated a new rota-
tional temperature (7”,,;) and a new vibrational temperature
(T',i») based on the absorbance ratios of P(0, 21)/P(0, 37)
and P(0, 21)/P(1, 21) line pairs, respectively. The code sub-
sequently calculated a new CO concentration (x’'co) based on
equation (6). If the deviations between T, and T”,,;, Ty, and
T ,i», and xco and x’co are all acceptable, the code records the
data and passes to the next time step. Note that the line-shape
function is related to the thermal motion of gas molecules.
Therefore, T,,; was used to calculate the line-shape function.

The Landau—Teller theory [42] was used to describe the
time-dependent vibrational energy of shock-heated molecules,
as described in equation (8)

devib _ évib (Ttr) — €yib (Tvib)
dt 7(Ty)

®)

where e,;;, is the vibrational energy, e, (T3,) is the equilibrium
value of vibrational energy, and 7 is the vibrational relaxa-
tion time. The vibrational energy of CO is calculated based on
equation (9) assuming CO as a simple harmonic oscillator

it/ Tviv

o Ty — 1 X it C))

€vib =

where 6., is the characteristic vibrational temperature of CO
and R is the universal gas constant. The time-dependent T,
(=T}) and T,;, were calculated using the theory developed by
Landau and Teller [42] and the vibrational relaxation times
summarized by Millikan and White [43].

The simultaneous temperature and CO-concentration
measurements were performed during the oxidation processes
of nC;H6/O,/Ar mixtures at 1350-2750 K, 1.6-2.7 bar,
and equivalence ratios of 2.0 and 1.0. The measured data
were used to show the overall formation and consumption
behaviors of chemical non-equilibrium CO and to show the
reactivity of n-heptane over a wide temperature range. The
measured data were compared with predictions based on the
NUIGMechl.1[10, 11], the CRECK [12—-15] mechanism, and
the Liu et al [16] mechanism to comprehensively evaluate the
performances of these mechanisms. The NUIGMechl.1 [10,
11] contains 2746 species and 11279 elementary reactions.
The n-heptane sub-mechanism in NUIGMechl.1 [10, 11] was
updated based on Zhang et al [44, 45]. The CRECK [12—-
15] mechanism contains 254 species and 7568 reactions. Liu
et al [16] developed a skeletal methanol/n-heptane mechanism
including 52 species and 182 reactions for three-dimensional
simulations. In addition, during ignition, the assumption of
constant volume or constant pressure is not valid anymore due
to the non-ideal effects inside shock tubes and heat exchange.
Therefore, the measured pressure was used as input during
kinetics calculation to diminish the gaps between experiments



Meas. Sci. Technol. 34 (2023) 125502

D He et al

(Initial parameters:
Measured pressure from transducer
loand I, from the three laser beams

4 A .
Assume an initial rotational temperature
(T.ot), vibrational temperature(T,;), and

™\

Calculate the absorbances of
CO P(0, 21), P(1, 21), and P(0,

p

signals

CO concentration (x) to start iteration

37) lines from measured
A 4

\ {

Next time point

\
( Calculate line functions of P(0, 21), P(1,
21), and P(0, 37) for the given T,,;, T,is,
and x

U

("Calculate new T .and T’ based on the )
absorbance ratios of P(0, 21) / P(0, 37)
and P(0, 21) / P(1, 21) line pairs,
respectively

U

Calculate a new CO concentration (x’)

—/—|;T’_\
rot

= Record T’.o;, Tviv

= and x’ at specific
X=X time point

At least Both

one NO YES

one o

Deviations between the new data

7 7
basedon T’ ,,and T’,;,

Figure 6. Iterative process for simultaneous

and simulations. Details about this method are referred to
[28, 31, 46].

5. Results and discussion

5.1 Spectral information and validation experiments

The temperature-dependent line strengths and collisional
broadening coefficients are necessary inputs during data pro-
cessing. Note that the spectral parameters of most lines lack
calibration research at elevated temperatures. Therefore, the
scanned-wavelength direct-absorption method was used to
calibrate the line strengths and collisional broadening coeffi-
cients of the selected lines. Figure 7 shows an example in a
one-shock experiment, including [y, I;, the transmitted beam
intensity through the Herriot cell 1.y, the transmitted beam
intensity through the germanium etalon Z,,,,,, the absorbance
of P(1, 21) line at specific temperature and pressure, and the
fitting residual. Considering the non-ideal effects inside the
shock tube, the temperature corresponding to the absorbance
region was calculated based on T's, ps, the measured pressure,
and the isentropic relationship.

The measured line strengths and collisional data of the
selected lines were measured at 1040-2940 K and summar-
ized in figure 8. In the target temperature range, the measured
line strengths of P(0, 21) line fitted well with the data in the
latest HITEMP database [37, 47], whereas the measured data
of P(1, 21) line fitted well with the data in HITRAN 2020
database [38]. Therefore, the parameters in the corresponding

and the old data are acceptable
(threshold: < 1.0%)?

Trot, Tyin, and CO-concentration calculation.

spectral database were used in the data processing procedure.
The measured line strengths of P(0, 37) did not fit well with the
data in either the HITRAN 2020 database [38] or the HITEMP
database [37]. Therefore, the fitted data were used. The meas-
ured collisional data of the selected lines were fitted as an
exponential function of temperature, as shown in figure 8(b).
The calibrated spectral information of the selected lines are
shown in table 3. Note that the collisional data of P(0, 21) and
P(1, 21) lines in this study are slightly different from the data
in the previous study [39] due to the fitting temperature range
(Here the previously calibrated data are shown in supplemental
material S3). However, in the 1000-2000 K temperature range,
the differences in the collisional data were negligible.

The temperature and CO-concentration measurements
were performed behind reflected shock waves at 1.1-2.8 bar
to evaluate the accuracy of the P(0, 21)/P(1, 21) line pair and
the P(0, 21)/P(0, 37) line pair, as shown in figure 9. The valida-
tion temperature range for the former line pair is 1050-3010 K,
whereas that for the latter is 1050-2540 K considering its relat-
ively low temperature sensitivity. The validation experiments
demonstrated that the maximum deviation between the meas-
ured and calculated data (temperature and CO concentration)
is below 1.8% and 3.0%, respectively.

This section mainly focuses on the uncertainties in meas-
ured 7,,; and T,;,. The results in figure 4 illustrated that the
line-strength ratio of the CO P(0, 21)/P(1, 21) line pair is T;,-
dependent, where that of the CO P(0, 21)/P(0, 37) line pair
is T,,-dependent. Therefore, for uncertainty evaluation in the
thermal non-equilibrium process, the following were assumed:
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Table 3. Calibrated spectral parameters for the selected lines.

Transition 5(296 K) (cm™-atm™) 2vco_ar (296 K) (cm ™ -atm™) n
o, T Data Sources Data fitted to 1040-2940 K Data fitted to 1040-2940 K
P(0, 21) 0.633 HITEMP [37, 47] 0.0761 £ 0.0014 0.581 +0.011
P(1,21) 3.81 x 107 HITRAN 2020 [38] 0.0780 +£ 0.0009 0.608 &+ 0.006
P(0, 37) 1.65 x 107 Fitting 0.0540 £+ 0.0010 0.479 £ 0.011
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21)/P(1, 21) line pair and (b): P(0,

21)/P(0, 37) line pair.
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Therefore, the uncertainties in measured 7,,; and T.,;
are mainly from the uncertainties in room-temperature line
strengths and measured absorbances. The uncertainties in
room-temperature line strengths of the CO P(0, 21) and P(1,
21) lines are both 1.5%, respectively, considering the uncer-
tainty range in the corresponding spectral database. This study
measured and fitted the line strength of the CO P(0, 37) line, as
shown in figure 8(a). The uncertainty in the room-temperature
line strength is 4.5% considering 4.0% uncertainty from line-
shape fitting and 2.0% uncertainty from data-fitting at elev-
ated temperatures. A 4.0% uncertainty was assumed in the
measured absorbance for the selected lines. For the CO P(0,
21)/P(1, 21) line pair, the uncertainties in measured temperat-
ure and CO concentration are 3.2% and 6.9%, respectively.
For the CO P(0, 21)/P(0, 37) line pair, the uncertainties in
measured temperature and CO concentration are 3.1% and
6.4%, respectively. The 4.1% uncertainty in the line shape
function (including 0.5% uncertainty in Gaussian line shape,
0.7% uncertainty due to pressure shift, and 0.2% uncertainty
due to laser drift) was considered for the two line pairs.
The detailed uncertainty analysis is referred to in the pre-
vious study [39] (here the profile is shown in supplemental
material S4).

Time-resolved temperature measurements were performed
in the shock-heated thermal equilibrium mixture (mixture
3), as shown in figure 10. The calculated temperature using
Ts, ps, measured pressure, and isentropic relationship were
also shown as a comparison. The shock-heated CO quickly
reached a thermal equilibrium state due to the contribu-
tion of H,. Using the two line pairs, the measured tem-
perature fitted well with the calculated temperature in O—
1.4 ms. In addition, the measured data using the P(0, 21)/P(0,
37) line pair showed relatively poor signal-to-noise ratios
because of the relatively low temperature sensitivity in the
line pair.

Figure 10(b) shows an amplified figure for the reflected-
shock-heated region. The calculated temperature reached an
equilibrium state by about 8 us, whereas the measured T,
reached the same state by about 3 ps. The response frequency
of the absorption-based thermometry is at least one time faster
than that of the pressure transducer.

5.2. Rotational and vibrational temperature measurements
for shock-heated thermal non-equilibrium CO

This section presents the simultaneous measurements of
time-resolved T,,, and T,; for shock-heated thermal non-
equilibrium CO/Ar mixture. Figure 11 shows the measured
laser signals and pressure profiles in a shock-tube experiment.
The laser signals were normalized by the corresponding /.
Before the arrival of the incident shock, the normalized I, sig-
nal corresponding to the CO P(0, 21) line is lower than unity
due to the strong absorbance of this line at room temperature.
With the passage of the incident and reflected shocks, the laser
signals corresponding to the CO P(0, 21) and P(0, 37) lines
suddenly changed, whereas the laser signal corresponding to
the CO P(1, 21) line did not change evidently. After the pas-
sage of the reflected shock, all the laser signals changed gradu-
ally and reached equilibrium states. During this time, the laser
signals corresponding to CO P(0, 21) and P(0, 37) lines were
gradually increased, whereas the laser signal corresponding
to CO P(1, 21) line was gradually decreased. Corresponding
explanations for this phenomenon are shown in the following
part.

Figure 12 shows the comparisons of different temperatures
during the thermal non-equilibrium processes of the CO/Ar
mixture. The measured raw data of these temperatures are
shown in supplemental material S5. The black line represents
the calculated temperature using 7’5, ps, measured pressure,
and isentropic relationship. The pink line represents the meas-
ured 7,,, using CO P(0, 21)/P(0, 37) line pair. The measured
T,, suddenly increased after the passage of the shock waves
and agreed well with the calculated temperature, indicating
that the rotational energy of CO rapidly reached an equilib-
rium state. In the rotational-equilibrium state, the T}, agreed
well with the calculated temperature (black line), which sup-
ports the assumption that the translational mode and rota-
tional mode of CO quickly reach an equilibrium state. The
measured T,; using CO P(0, 21)/P(1, 21) line pair experi-
enced a relaxation process before reaching the final equilib-
rium state, as shown by the green line in figure 12. The time
histories of the transmitted laser signals in figure 11 are due
to the influences of 7, and T,; on the line strengths of the
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Figure 10. Temperature time-history measurements for shock-heated thermal equilibrium 1.0% CO/2.0% H>/97.0% Ar mixture behind
reflected shock waves. (a): P(0, 21)/P(1, 21) line pair. (b): P(0, 21)/P(0, 37) line pair.
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Figure 11. Measured laser signals and pressure profiles for
shock-heated thermal non-equilibrium 1.0% C0O/99.0% Ar mixture.

selected transition lines, as described by equation (6). Red
line represents the calculated 7,,;, using the Landau and Teller
theory [42] and Millikan and White relationship [43]. The 7
was calculated from 452 K considering it was pre-excited by
the incident shock. The measured and calculated T,;, showed
similar behaviors, indicating that the Landau and Teller theory
[42] well described the time histories of CO vibrational energy
(equation (8)). In addition, the measured and calculated T;,
agreed well with the equilibrium temperature in the vibrational
relaxed state. The measured 7, was slightly faster than the
calculated T,;,. Future research is suggested to perform state-
to-state kinetics simulation on the internal energy conversion
of CO.

5.3. Chemical non-equilibrium CO-concentration
measurements during the oxidation processes of n-heptane

n-Heptane is one of the alternative fuels for the scramjet [9].
The combustion chamber of the scramjet works at ultra-high
temperatures. Therefore, the CO-concentration time-history
measurements were performed during the fuel-rich and stoi-
chiometric oxidation processes of nC;H;¢/O,/Ar mixtures

2400 T T T T
Mixture 4: 1.0% CO, 99.0% Ar
T5=1846 K, p; = 2.1 bar
X 1800+
g
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Figure 12. Comparisons of different temperatures for shock-heated
thermal non-equilibrium 1.0% C0/99.0% Ar mixture.

over a wide temperature range to show the reaction behavi-
ors of chemical non-equilibrium CO. The CO P(0, 21)/P(1,
21) line pair was selected considering its relatively high tem-
perature sensitivity. The measured data were compared with
predictions based on the NUIGMechl.1 [10, 11], the CRECK
[12—15] mechanism, and the Liu et al [16] mechanism. The
measured raw data of CO concentration and pressure profiles
are shown in supplemental material S5.

Figure 13 shows the measured and simulated CO-
concentration profiles during the fuel-rich oxidation processes
of n-heptane at 1510-2750 K and 1.6-2.3 bar. The signal-
to-noise ratios in the measured data were poor for the cases
with initial temperatures of 2178 and 2743 K due to the weak
absorbances and relatively low temperature sensitivity for the
line pair at ultra-high temperatures. The CO concentration
quickly rises and reaches a plateau at later times. At the rising
stage, the predictions using the NUIGMechl.1 [10, 11] and
the Liu et al [16] mechanism agreed well with the measured
data, whereas the CRECK [12-15] mechanism predicted a
very fast reaction. In the burnout state, the NUIGMechl.1
[10, 11] and the CRECK [12-15] mechanism well predicted
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Figure 13. CO-concentration time-history profiles of mixture 5. Solid line: measured data. Dash line: simulations using NUIGMech1.1 [10,
11]. Dot line: simulations using CRECK [12-15] mechanism. Dash dot line: simulations using Liu et al [16] mechanism.
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Figure 14. CO-concentration time-history profiles of mixture 6. Solid line: measured data. Dash line: simulations using NUIGMechl1.1 [10,
11]. Dot line: simulations using CRECK [12-15] mechanism. Dash dot line: simulations using Liu ef al [16] mechanism.

the plateau values of CO concentration, whereas the Liu et al
[16] mechanism underpredicted the data, especially for the
low-temperature cases.

Figure 14 shows the formation and consumption beha-
viors of CO during the stoichiometric oxidation processes
of n-heptane at 1350-2380 K and 1.7-2.5 bar. The selected
mechanisms all well predicted the above-mentioned behavi-
ors. At the early stage, the predicted CO concentration agreed
well with the measured data. However, at the fast forma-
tion/consumption stage, the three mechanisms predicted too-
fast reactions for most cases. The NUIGMechl.1 [10, 11]
slightly underpredicted the peak values of CO concentra-
tion. The interference-free laser-absorption technique showed
good flexibility in capturing CO concentration at ultra-high
temperatures.

In addition, the high-temperature cases (>2100 K) in
figures 13 and 14 show similar CO-formation time scales. It
means the oxidation process of n-heptane (mixtures 5 and 6)
is insensitive to the increase in the initial temperature at ultra-
high temperatures. With the increase of Mach number, the
temperature and the flow velocity in the combustion cham-
ber of the scramjet increase simultaneously. The shortened
stagnation time in the combustion chamber may cause insuffi-
cient combustion considering the temperature insensitivity of
fuel reactivity at ultra-high temperatures. Therefore, additional

strategies for increasing fuel reactivity are necessary to ensure
successful ignition and fast combustion and to improve energy
conversion efficiency.

6. Conclusion

Quantitative measurements of the temperatures in different
freedoms during the thermal non-equilibrium processes of CO
are prerequisites to studying the non-equilibrium effects of CO
and managing the heat transfer during Mars entry. In addi-
tion, measurements on the time histories of chemical non-
equilibrium CO during fuel combustion at ultra-high tem-
peratures are key prerequisites for summarizing the ignition
characteristics and improving the engine performances. The
P(0, 21), P(1, 21), and P(0, 37) lines in CO fundamental
vibrational band were selected to develop an interference-
free laser absorption technique for simultaneous temperat-
ure and CO-concentration measurements during the thermo-
chemical non-equilibrium processes of CO. The P(0, 21)/P(1,
21) line pair was selected for 7,; measurements, whereas
the P(0, 21)/P(0, 37) line pair was selected for T, measure-
ments. The line strengths and collisional broadening coeffi-
cients were obtained at 1040-2940 K. Validated experiments
at 1050-3010 K and 1.1-2.8 bar showed that the measured
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temperature and CO concentration agreed well with the known
data.

The time-resolved T}, and T,;, were measured during the
shock-heated thermal non-equilibrium processes of CO. The
technique showed high sensitivity and feasibility in detect-
ing the rotational and vibrational temperatures. The meas-
ured T, rapidly reached an equilibrium state after the arrival
of the reflected shock wave and agreed well with the cal-
culated temperature using measured pressure and isentropic
relationship. The measured 7,;, experienced a relaxation pro-
cess before reaching the final equilibrium state. The measured
data showed good agreement with the predictions based on the
Landau and Teller theory [42].

Quantitative measurements on the CO-concentration time
histories were performed during the oxidation processes of n-
heptane over a wide temperature range (1350-2750 K). The
measured data showed overall good agreement with the pre-
dictions from two detailed mechanisms (NUIGMech 1.1 [10,
11] and CRECK [12-15] mechanism) and one skeletal mech-
anism (Liu et al [16] mechanism). In addition, the reactivity of
n-heptane is found to be insensitive to the temperature increase
at ultra-high temperatures (>2100 K). Additional strategies
are necessary to ensure fast combustion and to improve the
energy conversion efficiency for future scramjet.
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