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ARTICLE INFO ABSTRACT

Keywords: Line-by-line models based on spectroscopic databases are powerful tools for the generation of accurate gas
Radiative heat transfer absorption spectra but still require validation for high-temperature and high-pressure conditions. Therefore,
High pressure

this study carried out spectral transmissivity measurements of CO,/N, mixtures at temperatures of approx-
imately 773K and 1273 K and pressures between 1bar and 60bar. The measurement data was obtained in
a spectral range from 1900cm™' to 6600cm™' at a spectral resolution of 1cm™' and was compared with
line-by-line predictions. The comparisons show that the absorption spectra of CO, can be predicted for high-
temperature and high-pressure conditions with good accuracy if the line-by-line calculations are performed
using modified line profiles and the HITEMP-2010 database. In comparison with standard line-shape functions,
both the Voigt line-shape function combined with the cut-off criterion of Alberti et al. (Combust. Flame 162
(2015) 597-612) and the Price line-shape function modified with one of the two ¢ corrections of Westlye et al.
(J. Quant. Spectrosc. Radiat. Transfer 302 (2023) 108555; J. Quant. Spectrosc. Radiat. Transfer 280 (2022)
108089) provided significantly superior predictions. However, deficiencies of the cut-off criterion of Alberti
et al. become clear in the transmissivity predictions of the right wings of the 4.3 um band and the 2.7 pm band.
The Price line-shape function combined with the first ¢ correction of Westlye et al. was able to overcome these
erroneous predictions of the wings, while the Price line-shape function modified with the second ¢ correction
of Westlye et al. only proved superior for gas mixtures with 20% CO, and 80% N, (in mole fractions).

Measurements
HITEMP-2010
Spectral transmissivity

1. Introduction Furthermore, previous studies [16,21-23] have demonstrated that ab-
sorption coefficients are overestimated in the line wings while under-

High-pressure combustion and high-pressure entrained flow gasi- estimated at the line centre due to deficiencies of standard line-shape
fication processes are characterised by high temperatures and large functions such as the Lorentz line-shape function and the Voigt line-
partial pressures of water vapour and carbon dioxide. Mathematical shape function. This has led to the development of empirical correc-

modelling of both processes thus pays special attention to thermal
radiation and the incorporation of appropriate thermal gas radiation
property models based on accurate absorption spectra [1,2]. The lat-
ter can be obtained through spectral line-by-line calculations using
the most recent available spectroscopic databases (such as HITEMP-
2010 [3], CDSD-4000 [4], UCL-4000 [5] and AI-3000K [6]) and the
most appropriate mathematical representation of spectral line shapes.
However, validation of predictions has mainly been performed for
atmospheric-pressure conditions [7-13] whereas the validation data re-scaling to preserve the line intensity, leading to increasing loss of
for high-temperature and high-pressure conditions [14-20] is scarce. integrated intensity with increasing pressure.

tion methods such as y functions, line-mixing approaches and cut-off
criteria.

Perin and Hartmann [16], Hartmann et al. [22], Brodbeck et al. [24]
and Tran et al. [18] suggested y functions with tabulated coefficients
for specific temperature and wavenumber ranges for H,O, CO, and CO.
The y functions are multiplied with the Lorentz line-shape function
and correct the line wing predictions. This is usually pursued without
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Nomenclature

Latin symbols

function for & correction of Westlye et al.
function for ¢ correction of Westlye et al.
speed of light

parameter for Voigt line-shape function
emissive power

parameter for Voigt line-shape function
line-shape function

transformed intensity

temperature dependence coefficient
Boltzmann constant

absorption coefficient

length

mass

number of half-widths

number density

pressure

line intensity

temperature

mole fraction

N LT 2SI NRS T N® S A SR

Greek symbols

pressure-shift parameter
half-width

emissivity

wavenumber
transmissivity

hh 8 I M D O

correction parameter

Subscripts and superscripts

air for air-broadening/foreign-broadening
b blackbody

c centre

cold without external blackbody radiation
D Doppler

gas gas

hot with external blackbody radiation
inert with inert gas

L Lorentz

max maximum

min minimum

P Price

self for self-broadening

target with target gas

\Y% Voigt

€ with respect to the emissivity

n spectral

T with respect to the transmissivity

* apparent

0 reference

Niro et al. [25] and Lamouroux et al. [26] developed a line-mixing
approach that provides the sub-Lorentzian behaviour in the wings of
the CO, lines at temperatures below 400 K.

Alberti et al. [21,27-31] developed cut-off criteria that provide the
number of half-widths away from the line centre above which each line

Acronyms

A based on the Voigt line-shape function
terminated at 5000 half-widths or be-
low 10-% cm™!

AD absolute deviation

B based on the Voigt line-shape function

combined with the cut-off criterion of
Alberti et al.

C based on the Price line-shape function
terminated at 5000 half-widths or be-
low 10~ cm™! and combined with the first
& correction of Westlye et al.

D based on the Price line-shape function
terminated at 5000 half-widths or be-
low 10%cm™! and combined with the
second ¢ correction of Westlye et al.

DTU Technical University of Denmark

HTPGC high-temperature and high-pressure gas
cell

LBL line-by-line

LSF line-shape function

RD relative deviation

TAF triangular apodisation function

is to be cut [31]. The criteria were developed for H,O, CO, and CO
using existing measurement data [7,14,16,22,24,32,33] and omitting
re-scaling to preserve the line intensity; however, the loss of integrated
intensity was regarded as minor [31].

Westlye et al. [34,35] and Ren et al. [23] recently derived ex-
pressions for the ¢ parameter of the Price line-shape function [36]
to conserve the line intensity by accounting for super-Lorentzian be-
haviour at the line centre and sub-Lorentzian behaviour in line wings.
Existing measurement data [15,16,18,20,22,24,32] was used to develop
and test the ¢ corrections for H,O, CO, and CO. A first ¢ correction
for CO, [23,34] was not correlated with the CO, mole fraction and
provided the best predictions at moderate gas temperatures and high
gas pressures compared to other modifications such as cut-off criteria
and y functions. A second ¢ correction for CO, [35] was developed as
function of the CO, species mole fraction. The Price line-shape function
combined with this & correction provided superior predictions for the
4.3 pm band at CO, mole fractions of up to 20% but was found to be
less accurate and appropriate for pure CO, conditions.

In order to further advance the database validation and the mod-
elling approach, this study carried out spectral transmissivity measure-
ments of CO,/N, mixtures and line-by-line (LBL) calculations following
previous studies [13,20,35]. Specifically, new measurement data was
compared with LBL predictions based on standard or truncated Voigt
line profiles, standard or truncated Lorentz line profiles and Price line
profiles combined with the first & correction or the second & correction.
The methods and the results are described in Section 2 and Section 3,
respectively. The conclusions are given in Section 4.

2. Methods

This section describes the methods that were applied to perform the
spectral transmissivity measurements and the LBL calculations.

2.1. Spectral transmissivity measurements
Spectral transmissivity measurements were performed using the

high-temperature and high-pressure gas cell (HTPGC) [20] at the De-
partment of Chemical and Biochemical Engineering of DTU. The target
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FTIR spectrometer

Al-coated 60° off-axis mirror
Pin hole wheel

Bl B2
He
N,+CO,

Al, A2, A3: iris apertures
B1, B2: sapphire wedged windows

.
sziﬂ /

Au-coated flat mirror

Fig. 1. Measurement set-up with high-temperature and high-pressure gas cell.

gas temperatures were 296.15K, 773.15K and 1273.15K while 1 bar,
5bar, 10bar, 20 bar, 40bar and 60bar were targeted as total gas pres-
sures. The gas cell shown in Fig. 1 has a measuring path length of
30.28cm and consists of (i) an outer ceramic tube and two inner
ceramic tubes, each made of Al,O,, (ii) two water-cooled brass flanges
at the outer ends, (iii) two robust UV-grade sapphire windows (cut-
off at 1640cm™~!) and (iv) heating coils wrapped around the outer
ceramic tube. Three fixed thermocouples are used as part of a heating
system with three gas zones (N,, N, + CO, and N,) to ensure tem-
perature uniformity over the entire measuring path length. Before the
spectroscopic measurements, temperature profiles along the measuring
path length inside the gas cell were measured to determine the set
temperatures. Due to radiation losses, the temperature profiles changed
with increasing amount of radiating gases and with increasing gas
pressure. Therefore, the temperature settings were optimised to obtain
uniform temperature profiles within a + 10K accuracy for different
CO,, concentrations.

The interferograms were recorded twice using a FTIR spectrometer
(Agilent Cary 660) with KBr beam splitter and InSb detector (1850—
7000cm™!) and were converted to single-beam spectra with a Fast
Fourier Transformation routine using a zero filling factor of 4 and the
triangular apodisation function. Following previous approach [20], the
apparent spectral transmissivity T;,gas at a spectral resolution of 1cm™!
was obtained by

« I target,hot — ‘target,cold
T =
,8as Ji

: -7 , (€Y
inert,hot inert,cold

where lirperhor 1S the transformed intensity from the measurement
with target gas and external blackbody radiation at 1073.15K (see
Fig. 1), liargetcold 18 the transformed intensity from the measurement
with target gas and without external blackbody radiation (i.e. with
hot gas emission from the gas cell and background radiation at am-
bient temperature only), Iiserthot iS the transformed intensity from the
measurement with inert gas and with external blackbody radiation and
Tinert cold 18 the transformed intensity from the measurement with inert
gas and without external blackbody radiation. N, (5.0, i.e. with a
purity of 99.999%) were used as inert gas while CO, (4.8, i.e. with
a purity of 99.998%) and mixtures of 20% CO,, (4.5, i.e. with a purity
of 99.995%) and 80% N, (5.0) were applied as target gases. The upper
wavenumber limit #,,, was between 6600cm™' and 6800 cm™! while
the lower limit 7, of approximately 1900cm~! was restricted by
the cut-off of the sapphire windows and the InSb detector. Thus, the
measurements focussed on the 4.3 um band, the 2.7 pm band and the
2.0 pm band of CO, while measurements for the 15.0 pm band should
be conducted in future studies. The conditions of the measured spectra
are summarised in Table 1.

The interferograms were slightly affected by ice formation on the
inner surface of the window of the InSb detector due to vacuum
conditions. As the ice developed with increasing time and the impact
of ice and H,O could be identified in the measured data due to the
local well-defined broad/sharp structures, the erroneous signals were
removed from the flawed apparent transmissivity spectra.

Table 1
Conditions of the measured spectra: mixture, gas temperature Ty, §as Pressure pg,
minimum wavenumber #;, and maximum wavenumber 7,,,,.

Mixture Tgos Pgas Jmin_ Jmax.

K bar cm~! cm™!

1 100% CO, 296.75 1.02 1900 6600
2 20% CO, + 80% N, 784.25 1.05 1900 6800
3 20% CO, + 80% N, 783.25 5.03 1900 6800
4 20% CO, + 80% N, 781.35 10.30 1900 6800
5 20% CO, + 80% N, 777.15 20.26 1900 6800
6 20% CO, + 80% N, 772.25 40.05 1900 6800
7 20% CO, + 80% N, 773.15 60.22 1900 6740
8 20% CO, + 80% N, 1281.54 1.04 1900 6800
9 20% CO, + 80% N, 1280.67 5.03 1900 6800
10 20% CO, + 80% N, 1276.01 10.00 1900 6800
11 20% CO, + 80% N, 1275.82 19.96 1900 6800
12 20% CO, + 80% N, 1265.92 40.00 1900 6800
13 20% CO, + 80% N, 1280.57 54.14 1900 6600
14 100% CO, 780.15 1.01 1900 6800
15 100% CO, 780.15 5.13 1900 6800
16 100% CO, 779.63 10.27 1900 6800
17 100% CO, 771.39 20.27 1900 6800
18 100% CO, 775.56 40.14 1900 6800
19 100% CO, 1281.54 1.02 1900 6600
20 100% CO, 1280.67 5.025 1900 6600
21 100% CO, 1276.01 10.00 1900 6600
22 100% CO, 1276.01 20.00 1900 6600
23 100% CO, 1265.92 40.00 1900 6600

2.2. LBL calculations

LBL calculations were carried out using the HITEMP-2010 database
for CO5 [3] and the LBL software of Alberti et al. [21,27,28,30,31].
The HITEMP-2010 database provided the parameters for the calculation
of the absorption lines of CO, at the reference pressure p, = 1atm
and the reference temperature 7, = 296K, including the vacuum
centre wavenumbers 7, the reference integrated line intensities S,
the pressure-shift parameters §, the reference half-widths for self-
broadening A, the reference half-widths for air-broadening® 4,
and the dimensionless temperature dependence coefficients k. The
LBL software enabled the calculation of the gas absorption spectra
at the measured gas conditions between a minimum wavenumber
Nmin = 0 and a maximum wavenumber #,,, < 15000cm~! with a
wavenumber step size of 0.01cm~!. The gas absorption spectra were
obtained through summation of the absorption contributions of all
lines, i. e. the spectral gas absorption coefficient K, o,; was determined
by

11193608
KpgasD= Y K, (), @
i=1

2 Air-broadening parameters instead of N,-broadening parameters results in
negligible differences in line intensities based on the experience of the authors.
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where K, ; is the spectral absorption coefficient K, of line i. The spectral
absorption coefficient K, of a line is described by

K (17,[) 3551 as» XCO as)
d 8 8 2.8

=S (Tgas) N (pgayTgas’ XCOZ,gas) g (’7 — He» pgas’ Tgas’xCOZ,gas) ’

where S is the temperature-scaled line intensity based on the reference
line intensity S,, N is the number density based on the ideal gas
equation of state, g is the line-shape function as function of the centre
wavenumber 7. = g + & Pgag, Pgas 1S the gas pressure, T, is the gas
temperature and xco, ga5 iS the gas species mole fraction of CO,. Three
line-shape functions were applied in this study: the Lorentz line-shape
function g;, the Price line-shape function g, and the Voigt line-shape
function gy. The Lorentz line-shape function g; is defined by

1 n-n\?\ "
gfn—AL(”( & )) ’ @

where

k
Ty
4, = (pCOZ,gas Aself,O + (pgas - pCOZ,gas) Aair,O) (%)
Tgas
is the simplified expression for the Lorentz half-width taking into
account both self-broadening and foreign-broadening. The Price line-

shape function gp is given by
N
) , (6)

¢ sin(z/§) ‘ n=1e
= 1+
274y A
where & = ¢ (pgas’Tgas’xCOZ,gas) is a line-shape correction parameter.
Recently, Westlye et al. suggested two possible approaches. The first
approach is given by [23,34]

0.1
pas
2 -1 Sy (e b(T,,) , if >1b
£= +<e exp( <1bar> >> (Tyas) » iF Pgag 2 1 bar , D

2, else

where b (Tg,s) = (632-19K/Tgas)148

defined by [35]

E=2+a (pgas) b (Tgas) (1 - xCOz,gaS) s (8)

+ 6.98. The second approach is

where a (pgas) = exp (1 - (po/pgas)m) and b (Tgas) =3.66 (T()/Tgas)023

The Voigt line-shape function gy, which also accounts for Doppler
broadening, is described by

_dVin@ [ exp(-)

VUL Jw (1)

where d = /In(2) A, /4p and f = y/In(2) (7 —n.) /Ap are parameters

and

[20,T,
AD=% %mm (10

is the expression for the Doppler half-width with ¢ for the speed of light,
kg for the Boltzmann constant and m for the mass of the molecule.

The line-shape functions asymptotically approach zero. The infinitely
long lines were therefore truncated in the wings. Specifically, as ex-
tending the lines below 10~ cm~! or beyond 5000 half-widths brings
minor changes to the line and the spectrum absorptance, the lines were
terminated when the absorption coefficient was below 10~ cm~! or
the distance to the line centre exceeded 5000 half-widths. As another
approach, lines based on the Lorentz line-shape function or the Voigt
line-shape function were cut at » half-widths based on the empirical
cut-off criterion of Alberti et al. [31]

0.822
Tgas 1 bar
296K pgas '

dy, ©

1(Pgas: Tgas) = 429.99 - < (11
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2.2.1. Line-shape deficiencies

Corrections to line-shape functions either through the approaches
of Westlye et al. [23,34,35] or through the cut-off criterion of Alberti
et al. [31] are ad-hoc modifications derived to match the calculated
transmissivities with the measured ones and to heal the deficiencies of
the standard line-shape functions.

Several new functions have recently been introduced and tested in
order to provide a sub-percent accuracy in the mathematical descrip-
tion of a single absorption line [37]. However, these new functions
require a high number of additional line-shape parameters [37] and
may be considered in future studies.

2.2.2. Line-mixing effects

Single absorption lines cannot be regarded as collisionally isolated
one from another when collisions between molecules are numerous.
Thus, line-mixing effects occur [37,38] between clusters of lines. The
line-mixing affects absorption coefficients close to the centre of the
cluster when radiator-perturber interactions permit efficient population
exchange between the lower and the upper energy levels. This results
in an enhanced absorption in a narrower region at the cluster centre
and a weaker absorption in the cluster wings.

Several approaches [38,39] have been developed to account for
line mixing as it is important for CO, absorption in the Earth’s atmo-
sphere [37]. Furthermore, it is apparent that the line-mixing effects
increase with increasing density. Thus, line-mixing effects are expected
to be pronounced for most of the conditions listed in Table 1. Specifi-
cally, the line-mixing effects could be significant for the cluster wings
as most of the line-clusters are saturated at the cluster centre. How-
ever, the approaches are for low-temperature conditions only, while
no general methods are currently available for high-temperature and
high-pressure conditions since the problem is complex. Therefore, these
effects were not accounted for in the LBL calculations of this study.

2.2.3. Comparisons

For the CO, line at 2125.000030cm™!, 773.15K and 60bar in
20% CO, and 80% N,, four line profiles are compared in Fig. 2:
(A) the standard Voigt profile terminated at 5000 half-widths (which
completely overlaps with the standard Lorentz profile), (B) the Voigt
profile terminated at 33 half-widths based on the cut-off criterion
of Alberti et al. [21] (which completely overlaps with the truncated
Lorentz profile), (C) the Price profile terminated at 5000 half-widths
and ¢ = 2.99 based on the first £ correction of Westlye et al. [23,34] and
(D) the Price profile terminated at 5000 half-widths and & = 2.85 based
on the second ¢ correction of Westlye et al. [35]. The Price profiles
suggest lower absorption in the line wings and higher absorption at
the line centre compared to the Lorentz and Voigt profiles and may
provide a superior mathematical line representation, recalling that both
Lorentz and Voigt profiles overestimate the absorption in the line
wings. However, the overestimation is typically reduced when Lorentz
and Voigt profiles are truncated using the cut-off criterion of Alberti
et al. [31].

2.3. Transmissivities and emissivities

Predicted apparent spectral transmissivity and predicted apparent
spectral emissivity spectra were determined through convolution of the
calculated gas transmissivity spectrum with the Fourier transform of
the triangular apodisation function used for the single beam spectra
calculations from the measured interferograms (see Section 2.1). The
convolution was performed to enable a comparison with the mea-
surement data at the spectral resolution of 1cm~! (see [13,35]). The
apparent spectral gas transmissivity T;,gas and the apparent spectral gas
emissivity £} oas AT€ given by

T;,gas = exp (_Kn,gas L) * F TAF, 12)
13)

* 1%
sr,,gas =1 Tn,gas ’
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Table 2

Minimum wavenumbers 7, and maximum wavenumbers 7., used
for the calculation of the apparent total gas emissivities and the
apparent band gas emissivities.

Gas emissivity YIL‘“I r’“‘—a"]
cm™ cm™
Total 1900 6600
4.3 pm band 1800 2700
2.7 pm band 3200 4000
2.0 pm band 4600 5400
0.2 T T T T :

A

--=-B

C

...... D

Line-shape function g /cm

-0.05 ] ] ] ] ]
2080 2100 2120 2140 2160 2180

1

Wavenumber n/cm_

Fig. 2. Voigt and Price line profiles for CO, line at 2125.000030cm™', 773.15K and
60bar in 20% CO, and 80% N,. For details of legend, see list of acronyms.

where K, ., is the spectral gas absorption coefficient, L is the path
length and 7 TAF = sinc? (y/cm~!) em™! is the Fourier transform of
the triangular apodisation function (i. e. the instrument line-shape func-
tion with an instrument resolution of 1cm~!). The apparent band gas
emissivities or the apparent total gas emissivities Eqqs WeTE calculated
by

fmax

* min £ 1.88S éyp (1, T) dn
E =
B e,y (. T) dn

where #,;;, and 7,,,, are the minimum and the maximum wavenumbers
for the respective apparent band gas emissivity or the apparent total
gas emissivity and ¢,; is the Planck function. Apparent total gas
emissivities and apparent band gas emissivities for the 4.3 pm band, the
2.7 pm band and the 2.0 pm band were determined using the minimum
wavenumbers #;, and the maximum wavenumbers 7., given in
Table 2.

14)

2.4. Absolute and relative deviations

Results of the transmissivity measurements and the LBL calculations
are compared using absolute deviations (AD) and relative deviations
(RD) which are given by

AD (15)

* *
=T - T
T 1.8as |1 gL, 1-838 |[HTPGC
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Egas LBL EZaS HTPGC
RD, = , (16)

3

*
€qas

HTPGC
where LBL refers to the LBL calculations and HTPGC refers to the
transmissivity measurements.

3. Results

This section presents the results of the transmissivity measurements
and the LBL calculations, while the measured transmissivity spectra are
provided in the Supplementary material.

3.1. Transmissivity spectra

Measured and predicted apparent transmissivity spectra are com-
pared in Figs. 3-25 (each on the left side). The predicted spectra were
obtained using (A) the standard Voigt line-shape function terminated at
5000 half-widths or below 10~ cm™"' (infinitely long), (B) the Voigt line-
shape function combined with the cut-off criterion of Alberti et al. [21]
and (C) the Price line-shape function terminated at 5000 half-widths or
below 10~ cm™! (infinitely long) and combined with the first & correc-
tion of Westlye et al. [23,34]. The comparisons show that the measured
spectra can be well predicted if the cut-off approach is applied or the
first ¢ correction is incorporated into the Price line-shape function.
Furthermore, for high-temperature and high-pressure conditions (for
example, see Fig. 8 (left; condition 6) and Fig. 25 (left; condition 23)),
the Price line-shape function with the first ¢ correction is typically
superior to the Voigt line-shape function combined with the cut-off
criterion as the cut-off approach has deficiencies in the predictions
of the right wings of the 4.3 pm band and the 2.7 ym band. Absolute
local deviations in small wavenumber ranges can be larger than 0.6
in the case of the right wing of the 4.3um band. In contrast, for
atmospheric-pressure conditions (see Fig. 3 (left; condition 1)), the
measured spectrum is in good agreement with the spectrum calculated
using the Voigt line-shape function and the cut-off criterion, while the
standard Voigt line-shape function and the Price line-shape function
with the first & correction of Westlye et al. [23,34] underpredict the
right wing of the 4.3 pm band.

3.2. Emissivities

Measured and predicted apparent total gas emissivities and mea-
sured and predicted apparent band gas emissivities are shown alongside
the relative deviations in Figs. 3-25 (each on the right side). The
predicted emissivities were obtained using (A) the standard Voigt line-
shape function terminated at 5000 half-widths or below 10~ cm™!
(infinitely long), (B) the Voigt line-shape function applied with the cut-
off criterion of Alberti et al. [21] and (C) the Price line-shape function
terminated at 5000 half-widths or below 10~ cm~! (infinitely long) and
combined with the first & correction of Westlye et al. [23,34].

3.2.1. Voigt line-shape function with cut-off criterion

The apparent total gas emissivities are predicted well using the
Voigt line-shape function and the cut-off criterion of Alberti et al. [21]
(for example, see Fig. 8 (right; condition 6) and Fig. 25 (right; condi-
tion 23)). The absolute relative deviations for the apparent total gas
emissivities are always below 11% and mainly below 5% (see results
for line-shape function B in Table 3). Realising that the cut-off criterion
was developed to obtain reliable overall results, this is again reflected
in the accuracy of the predicted apparent total gas emissivities. Some
larger absolute relative deviations can be found for the apparent band
gas emissivities in Tables 4-6 (see results for line-shape function B). For
the 2.0 um band, this is mainly due to the low absolute values of the
band gas emissivities. For the 2.7 pm band and the 4.3 pm band, this is
due to the erroneous predictions of the right wings, where the errors
are larger for the 4.3 pm band than for the 2.7 pm band. The LBL model
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Table 3

Relative deviations concerning the apparent total gas emissivities of CO,
based on the LBL model with the HITEMP-2010 database and three line-shape
functions. B: Voigt line-shape function with the cut-off criterion of Alberti et al.
[21], C: Price line-shape function with the first £ correction of Westlye et al.
[23,34], D: Price line-shape function with the second ¢ correction of Westlye
et al. [35].

Tgas RD, /%

LSF  Xco,.gas <

1 bar 5 bar 10bar 20bar  40bar  60bar

773.15 -2.02 080 1.29 532 8.74 10.82

0.2

5 127315 -394 -093 —073 026 264 377
Lo 77315 =314 198 467 754 687 -
‘ 127315 -180 010 032 300 6.1l -

02 77315  -210 009 =074 001 =048 072

c 127315 406 125 120 113 -0.88 =075
Lo 77315 -273 —003 =038 —045 008 -
127315 177 048 —113 038 048  —

02 77315 -202 024 048 060 097 3.0

b ' 127315 —401 —116 —111  -094 041 —0.08
10 77315 =273 943 2611 6370 12245 -
127315 —175 167 493 1611 4037 -

Table 4

Relative deviations concerning the apparent band gas emissivities of the
4.3 pum band of CO, based on the LBL model with the HITEMP-2010 database
and three line-shape functions. B: Voigt line-shape function with the cut-off
criterion of Alberti et al. [21], C: Price line-shape function with the first
& correction of Westlye et al. [23,34], D: Price line-shape function with the
second ¢ correction of Westlye et al. [35].

T, RD, / %
LSF Xco0, gas Ig:s /%

1 bar Sbar  10bar 20bar 40bar  60bar

77315  —-147 1.53 291 7.92 12.64 14.24

0.2

B 127315 -179 061 091 277 689  9.60
10 77315 -137 327 716 1048  8.48 -

’ 127315 -050 192 273 662 1086 -

0.2 77315 -155 083 048 098 30 095

c ’ 127315 193 023 024 44 046 107
10 77315 —090 102 028 -034 013 -

' 127315 045 125 018  0.04 029 -

0.2 77315 -147 097 077 172 220 411

b ’ 127315 -187 033 035 72 125 2.29
10 77315 =090 1216 3317 7514 12600 -
127315 —042 420 991 2705 6028 -

with the cut-off criterion can only roughly compensate the imperfect
Voigt line-shape function.

Cutting the line profiles leads to losses of integrated intensity com-
pared to the analytical intensity. However, the absolute errors are
mainly less than 1% for predictions using the Voigt line-shape function
and the cut-off criterion of Alberti et al. [21] as shown in Table 7. This
is in agreement with previous observations [31,38].

3.2.2. Price line-shape function with first & correction

The apparent total gas and the apparent band gas emissivities are
also predicted quite well using the Price line-shape function and the
first £ correction of Westlye et al. [23,34] (for example, see Fig. 8 (right;
condition 6) and Fig. 25 (right; condition 23). This is also evident from
the relative deviations given in Tables 3-6 (see results for line-shape
function C). Blue-coloured values indicate that the absolute relative
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Table 5

Relative deviations concerning the apparent band gas emissivities of the
2.7 pm band of CO, based on the LBL model with the HITEMP-2010 database
and three line-shape functions. B: Voigt line-shape function with the cut-off
criterion of Alberti et al. [21], C: Price line-shape function with the first
& correction of Westlye et al. [23,34], D: Price line-shape function with the
second ¢ correction of Westlye et al. [35].

Tgas RD, /%

LSF  xco, gas <

1bar Sbar  10bar 20bar 40bar  60bar

0.2 773.15 —-11.00 -3.51 —-443 -235 —0.81 2.32

B ’ 1273.15 -18.15 -509 -387 -3.50 -230 -235
1.0 773.15 —-1340 -152 -1.07 0.74 3.39 -
’ 1273.15 -7.72 =272 =235 -0.64 1.51 -

0.2 77315  —11.04 435 478 261 -1.89 026

c 127315 -1816 519 384 —335 -233 202
10 77315 -1339 295 —177 -048 001 -
127315 =727 -39 259 098 028 -

0.2 77315  —1101 -420 —470 256 —1.79 042

D 1273.15 -18.16 -5.14 -3.81 =330 =230 257
1.0 77315 -1339 -1.05 038 5.31 17.50 -
1273.15 =7.25 -2.60 -1.90 0.62 -

Table 6

Relative deviations concerning the apparent band gas emissivities of the
2.0 pm band of CO, based on the LBL model with the HITEMP-2010 database
and three line-shape functions. B: Voigt line-shape function with the cut-off
criterion of Alberti et al. [21], C: Price line-shape function with the first
& correction of Westlye et al. [23,34], D: Price line-shape function with the
second ¢ correction of Westlye et al. [35].

Ty RD, /%

LSF Xco,.gas K

1 bar 5bar 10bar 20bar 40bar 60 bar

02 773.15 —40.60 1071 -275 —699 431 -5.84

5 ’ 1273.15 -44.80 -1795 —1742 -584 -3.13 -9.43
Lo 77315 -2653 -3.09 -577 -326 -209 -
' 127315 967 054 -452 -161 -113  —

02 773.15 -4059 —1047 —228 —624 —3.04 —4.17

c 127315 -4480 =—17.64 —17.01 =518 -2.10 —8.26
Lo 77315 2651 -292 -540 -263 -122 -
' 127315 967 076  —419 -107 -028 -

02 773.15 —4059 —1048 —229 —624 —3.03 —4.16

5 ’ 1273.15 -4481 —17.68 —17.04 -521 -2.13 -828
Lo 77315 2651 283 431 320 1097 -

1273.15 9.67 0.60 —428 -061 437 -

deviations are smaller than corresponding values based on the Voigt
line-shape function and the cut-off criterion of Alberti et al. [21], while
brown-coloured values mean that the absolute relative deviations are
larger. Thus, the Price line-shape function with the first & correction
of Westlye et al. [23,34] mainly provides superior results for the
apparent total gas emissivities and the apparent gas emissivities of the
4.3pum band. The absolute relative deviations are typically below 2%
for the apparent total gas emissivities and below 1% for the apparent
band gas emissivities of the 4.3 pm band. In contrast, the apparent gas
emissivities of the 2.7 pm band and the 2.0 pm band are only slightly
better compared to the values that were obtained using the Voigt
line-shape function and the cut-off criterion.

Since the existing adjustments of the line profiles have only mi-
nor effects on the predicted spectra of both the 2.7 pm band and
the 2.0 pm band and further adjustments are expected not to provide
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Table 7
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Losses of integrated intensity based on the LBL model with the HITEMP-2010 database, the Voigt line-shape function

and the cut-off criterion of Alberti et al. [21].

. Tas Loss of integrated intensity / %

CO,.gas

K 1bar 5 bar 10 bar 20 bar 40 bar 60 bar

0.2 773.15 -0.07 -0.25 -0.45 -0.77 -1.38 -5.84

: 1273.15 -0.05 -0.17 -0.30 -0.53 -0.93 -9.43
1.0 773.15 -0.07 -0.26 -0.45 -0.80 -1.38 -

: 1273.15 -0.05 -0.17 -0.30 -0.52 -0.92 -

Table 8

Relative deviations concerning the apparent total gas emissivities of CO, based on the
LBL model with the HITRAN-2020 database and two line-shape functions. B: Voigt line-shape
function with the cut-off criterion of Alberti et al. [21], C: Price line-shape function with the

first & correction of Westlye et al. [23,34].

T, D,
LSF XC0,.gas Ig(as RD. /%
1 bar 5 bar 10 bar 20 bar 40 bar 60 bar

0.2 773.15
B 1273.15
1.0 773.15
1273.15
0.2 773.15
fo 1273.15
1.0 773.15
1273.15
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Fig. 3. Measured and predicted apparent spectral gas transmissivities (left) and measured and predicted apparent total and band gas emissivities (right) for condition 1 (100% CO,

at 1.02bar and 296.75K). For details of legend, see list of acronyms.

significant improvements, the differences between the measured and
predicted data for the 2.7 um band and the 2.0 pm band are analysed
below.

For 20% CO, and the 2.0pum band (see results for line-shape
function C in Table 6), the absolute relative deviations are significantly

larger at 1273.15K than at 773.15K for pressures up to 10 bar, while
the absolute relative deviations are similar at both 773.15K and
1273.15K for higher pressures. Furthermore, for 20% CO, and the
2.7um band (see results for line-shape function C in Table 5), the
absolute relative deviations significantly decrease from 1bar to 5bar
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at both 773.15K and 1273.15K. These strong changes are connected
with the appearance of numerous vibrational CO, lines. At high tem-
peratures and high pressures, such weak lines are magnified while the
strong lines contribute to the saturation of the transmissivity/emissivity
spectra. While most of the strong lines in the 2.7 pm band are already
in saturation for pressures above 1 bar, this effect is observed for the
2.0 pm band and 1273.15K above 10 bar.

For 100% CO, and both the 2.7pym band and the 2.0pum band
(see results for line-shape function C in Tables 5 and 6), only small
differences between the measured and predicted data can be found
for pressures above Sbar. This is because the strongest lines do not
contribute any more to the band gas emissivities, while the weak ones
do.

Concluding, the presented measurement and modelling results show
that the weak CO, lines in the 2.7pm band and the 2.0 pum band
have the appropriate line strengths, while the line strengths of the
strong lines in the 2.7 pm band and the 2.0 pm band are systematically
underestimated in the HITEMP-2010 database. This conclusion assumes
that line-mixing effects can be ignored, i.e. the observed deficiency
of the line strengths of the strong lines could be also attributed to
line-mixing and might disappear if line-mixing effects are accounted
for.

3.2.3. Lorentz line-shape function with cut-off criterion

The Voigt line-shape function was used as baseline function to
account for Doppler broadening. For comparison, apparent total gas
emissivities and apparent band gas emissivities were also obtained
using the Lorentz line-shape function and the cut-off criterion of Alberti
et al. [21]. The results show that predictions change less than 0.07% for
a total gas pressure of 1 bar and less than 0.007% for total gas pressures
between 5bar and 60 bar. Thus, both the Voigt line-shape function and
the Lorentz line-shape function can be applied with good accuracy in
combination with the cut-off criterion of Alberti et al. [21].

3.2.4. Price line-shape function with second & correction

The Price line-shape function was also combined with the revised
& correction of Westlye et al. [35]. The relative deviations concerning
the apparent total gas emissivities and the apparent band gas emissiv-
ities are given in Tables 3-6 (see results for line-shape function D).
The values are marked in blue and brown according to Section 3.2.2.
Thus, for 20% CO,, the Price line-shape function with the second
& correction of Westlye et al. [35] provides superior results for the
apparent gas emissivities of the 4.3 um band compared to the Voigt
line-shape function with the cut-off criterion. This in agreement with
the previous validation of Westlye et al. [35] for the 4.3 pm band and
the fact that the second & correction of Westlye et al. [35] was derived
for gas conditions with smaller CO, concentrations, i. e. conditions that
can be expected in combustion flames. However, the results are slightly
inferior to the predictions based on the first ¢ correction.

Furthermore, for 100% CO,, Tables 3 and 4 (see results for line-
shape function D) show less impressive results for the apparent total
gas emissivity and the apparent band gas emissivity of the 4.3 um band.
This is attributable to two factors. Firstly, the Price line-shape function
with the second ¢ correction was used outside its validation range.
Secondly, for 100% CO,, the second ¢ correction of Westlye et al. [35]
reduces to ¢ = 2. Thus, the modified Price line-shape function collapses
to the Lorentz line-shape function.

Concluding, predictions using the Price line-shape function with the
second ¢ correction of Westlye et al. [35] are inferior to predictions
relying on the Price line-shape function with the first ¢ correction of
Westlye et al. [23,34]. The second ¢ correction of Westlye et al. [35]
should only be used for gas conditions with CO, mole fractions of up
to 20%, which rises the question why Westlye et al. [35] revised the
& correction. First of all, Westlye et al. [35] used previous measurement
data (up to 20% CO,) for derivation and validation. Furthermore, it
could be related to the fact that the Price line-shape function cannot
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describe well the right wing of the 4.3 pm band for 100% CO, with
high accuracy [35]. However, the results of the previous study of Ren
et al. [23] and this study show that this deficiency can be accepted for
predictions at up to 1273.15K and 40 bar.

3.2.5. Impact of gas temperature

The measured gas temperature profiles are shown for 20% CO, in
Figs. S1-S5. Similar to previous measurements [13,20], uniform gas
temperature profiles could be achieved within an accuracy of + 10K.
However, to investigate the impact of the gas temperature accuracy on
the predicted apparent gas emissivities, LBL calculations based on the
Voigt line-shape function and the cut-off criterion of Alberti et al. [21]
or on the Price line-shape function and the first ¢ correction function
of Westlye et al. [23,34] were performed using gas temperatures either
increased or decreased by 10 K. The results show that the uncertainties
are typically less than +0.5% and always less than +0.9% for both the
apparent total gas emissivities and the apparent band gas emissivities.
Thus, small temperature uncertainties within an accuracy of + 10K are
not decisive for the accuracy of the LBL predictions.

3.2.6. Impact of spectroscopic database

The HITEMP-2010 database was used for the LBL calculations as it
contains numerous additional lines at elevated temperatures compared
to the HITRAN database [3]. However, LBL calculations were also
carried out using the HITRAN-2020 database [40] to analyse whether
the HITRAN-2020 database can better account for the strongest lines at
moderate pressures than the HITEMP-2010 database and whether the
higher uncertainties of the weak lines of the HITEMP-2010 database
could have contributed to the erroneous predictions. The LBL calcu-
lations were performed using both standard and modified line-shape
functions even though cut-off criteria and ¢ corrections were developed
using the HITEMP-2010 databases. The relative deviations for the
apparent total gas emissivities based on the Voigt line-shape function
and the cut-off criterion of Alberti et al. [21] or on the Price line-shape
function and the first & correction function of Westlye et al. [23,34]
are given in Table 8. The values are marked in blue and brown
according to Section 3.2.2 and demonstrate that the apparent total gas
emissivities are slightly better predicted for 20% CO, at 773.15K if the
Voigt line-shape function is combined with the cut-off criterion (see
results for line-shape function B in Table 3). Otherwise, significantly
larger deviations on an absolute basis can be observed compared to
the predictions based on the HITEMP-2010 database (see results for
line-shape functions B and C in Table 3).

Further comparisons of measured and calculated apparent gas emis-
sivities of the 4.3pm band, the 2.7 pm band and 2.0pum band can
be found in the Supplementary material (see Tables S1-S3) or are
available on request.

4. Conclusions

Spectral transmissivity measurements of CO,/N, mixtures at high-
temperature and high-pressure conditions were combined with line-by-
line calculations. The measurement data was obtained in a spectral
range from 1900cm~! to 6600cm~! at gas temperatures of approxi-
mately 773K and 1273 K and gas pressures between 1 bar and 60 bar.
The measurements thus focussed on typical furnace conditions when
most of the absorption lines in both the 2.7 pm band and the 2.0 pm
band are saturated. The data is given in the Supplementary material
and was compared with line-by-line predictions based on various line
profiles.

The comparisons demonstrated that predictions of the spectral gas
transmissivity, the total gas emissivity and the band gas emissivities
are overall accurate if the line-by-line model is based on the Voigt
line-shape function and the cut-off criterion of Alberti et al. [21] or
on the Price line-shape function and the first £ correction of Westlye
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et al. [23,34]. For the Voigt line-shape function combined with the cut-
off criterion, the absolute relative deviations were up to 8.8% for the
apparent total gas emissivities and up to 18% for the apparent band
gas emissivities above gas pressures of 5bar. In particular, erroneous
predictions were found for the right wings of the 4.3 um band and the
2.7 pm band. For the Price line-shape function with the first ¢ correc-
tion, the absolute relative deviations concerning the apparent total gas
emissivities were up to 4.1% and thus significantly smaller than for the
Voigt line-shape function combined with the cut-off criterion. The Price
line-shape function with the first ¢ correction also provided superior
mathematical descriptions of the right wings of the 4.3 pym band and
the 2.7 um band and quite impressive results for the apparent band
gas emissivities of the 4.3 pm band. However, similar predictions were
obtained for the apparent band gas emissivities of the 2.7 pm band
and the 2.0 pm band. This could indicate that the line strengths of the
strong lines in both bands are systematically underestimated in the
HITEMP-2010 database. However, line-mixing effects, which have not
been considered in this study, may also result in enhanced absorption
close to the centre of the line clusters and should be focussed in future
studies, where the Price line-shape function might help to account for
some of the line-mixing effects.

Furthermore, the Price line-shape function was tested with the sec-
ond and most recent & correction of Westlye et al. [35]. This approach
provided accurate results for mixtures of 20% CO, and 80% N, (in mole
fractions), while inferior results were obtained for 100% CO,. There-
fore, the Price line-shape function combined with the first £ correction
should be applied in future LBL calculations at high-temperature and
high-pressure conditions, while the second ¢ correction should be de-
veloped further for higher CO, concentrations using new measurement
data.

Finally, the impacts of the gas temperature accuracy and the spec-
troscopic database on the predictions were analysed. The comparisons
showed that temperature uncertainties within an accuracy of +10K
are not decisive for the accuracy of the LBL predictions and that the
accuracy of the LBL predictions significantly decreases when using the
HITRAN-2020 database instead of the HITEMP-2010 database.
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