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a b s t r a c t 

Radiative heat transfer affects local flame temperatures, and thus pollutant formation in high-pressure 

diffusion flames but the radiation properties of major gas species at pressures and temperatures rele- 

vant for combustion engines are not well known. In order to facilitate radiative transfer calculations in 

these types of flames, new and already published CO 2 and H 2 O absorption spectra at high pressure and 

temperatures have been used to validate their modelled spectra based on the HITEMP 2010 database. 

Corrections for non-Lorentzian behavior of collisional-broadened lines have been evaluated, where an ad- 

justable pseudo-Lorentzian line profile has been correlated for CO 2 − N 2 mixtures over a wide range of 

pressure, temperature and concentration. A fixed pseudo-Lorentzian line profile was found to give similar 

performance to previous empirical line corrections when comparing to available experimental H 2 O data 

over a relatively wide pressure and temperature range. The work has led to the release of an in-house 

MATLAB code, named RadISpeC freely available for download. The code efficiently produces spectra for 

radiation calculations for both soot and gas at high pressures and temperature. 

© 2022 Published by Elsevier Ltd. 

1

t

s

a

b

i

h

l

s

b

T

w

d

i

l

fl

p

t

I

c

r

o

s

c

o

q

o

t

v

t

s

t

p

t

t

H

a

h

0

. Introduction 

Studies of radiation properties of gases at high pressure and 

emperature were initially related to the study of planetary atmo- 

pheres and emission from stars within the field of astronomy and 

strophysics [ 1–3 ]. In the last few decades however, this topic has 

ecome increasingly important in studies of radiative heat transfer 

n various combustion applications. While the aim in other fields 

as been to understand and quantify the underlying physics re- 

ated to discrepancies between modelled and measured spectra, 

uch as e.g. the effect of line mixing, buffer gas, intermolecular 

onding etc., the current work has a somewhat different ambition. 

he main goal of this work is to develop a modeling approach, 

hich can be used for accurate and reliable prediction of gas ra- 

iation spectra at high pressures and temperatures. Gas radiation 

nfluences local temperature as it dissipates part of the energy re- 

eased locally to the surroundings. Accurate calculations of local 

ame temperature and gas composition are crucial for predicting 

ollutant formation such as CO and NOx, as this process is largely 

emperature driven. Gas radiation calculations are notoriously diffi- 
∗ Corresponding authors. 

E-mail addresses: Fredrik.westlye@man-es.com (F.R. Westlye), ai@mek.dtu.dk (A. 

varsson). 

2

s

ttps://doi.org/10.1016/j.jqsrt.2022.108089 

022-4073/© 2022 Published by Elsevier Ltd. 
ult, time consuming and computationally expensive because they 

equire spatial integration at each wavelength of high spectral res- 

lution gas radiation spectra for each of the major gas components 

uch as CO 2 and H 2 O. Their radiation spectra are defined by lo- 

al gas temperature variations and the individual emission spectra 

f CO 2 and H 2 O at various pressures/temperatures are therefore re- 

uired inputs to the calculations. In this context, experimental data 

f gas absorption at high pressure and temperature have started 

o emerge [ 4–8 ]. Experiments at pressures and temperatures rele- 

ant for combustion engines are however difficult to perform, and 

herefore the data available are sparse. 

The present study aims to develop simplified spectral models 

uitable for use in calculations of radiative heat transfer, spec- 

roscopic measurements and tomographic thermometry of high- 

ressure flames, particularly those occurring in compression igni- 

ion engines. These models consist of line-by-line radiation spec- 

ra calculations for major gaseous combustion products (CO 2 and 

 2 O) empirically modified to account for effects of high pressure 

nd temperature. 

. Modeling of absorption by gases 

IR-active molecules exhibit several (sometimes millions) narrow 

pectral lines associated with the ro-vibrational transitions of the 

https://doi.org/10.1016/j.jqsrt.2022.108089
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2022.108089&domain=pdf
mailto:Fredrik.westlye@man-es.com
mailto:ai@mek.dtu.dk
https://doi.org/10.1016/j.jqsrt.2022.108089
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Fig. 1. Experimental set up with high-temperature flow gas cell. 

Fig. 2. Spectroscopic measurement of the 4.3 μm and 2.7 μm bands of CO 2 com- 

pared to spectra generated from HITEMP2010 assuming a pure Lorentzian line 

shape and convolved with the Blackman instrument line shape. The measurement 

is of 5% CO 2 in N 2 at 0.89 bar and 10 0 0 K gas condition from [8] and this work. 
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pecific molecule. Effort s have been made to map these transitions 

or molecules relevant to atmospheric and high-temperature ap- 

lications. Spectral line databases for major species (H 2 O, CO 2 and 

O) have been developed (e.g. HITRAN, HITEMP, GEISA, BT2 and 

DSD). These databases, based on a combination of available ex- 

erimental data and theoretical calculations, can be used for mod- 

ling of high-resolution absorption/emission spectra of molecules 

t various temperatures and pressures. The HITRAN and the GEISA 

ine lists have been developed to predict the spectral behavior of 

olecules at low to near room temperature [ 9 , 10 ], covering 39

nd 22 gas molecules respectively, while HITEMP is a similar line 

ist suitable for a range of high temperature applications [11] . The 

DSD line lists are dedicated to CO 2 with more than 600 million 

ransitions with hot transitions at temperatures as high as 40 0 0 K 

12] . Similarly, the BT2 list contains over 500 million transitions for 

he most common isotope of water H 

16 
2 

O [13] . The line lists provide

ntegrated intensities of isolated lines and lines center positions. In 

he HITRAN and HITEMP lists, the integrated spectral line intensi- 

ies are conveniently given in cm 

−1 /(molecule • cm 

−2 ) at 296 K, 

nd can be re-calculated to an auxiliary temperature T with use of 

q. (1) . 

 ( T ) = S 0 
Q 0 exp 

(
− C E 0 

T 

)(
1 − exp 

(
− C ν0 

T 

))
Q exp 

(
− C E 0 

T 0 

)(
1 − exp 

(
− C ν0 

T 0 

)) (1) 

here the subscript 0 denotes reference conditions (1atm, 296 K), 

 is the partition function evaluated with the TIPS database here 

14] , ν0 is lines center, E 0 is lower state energy and C is a constant

15] . 

Spectral lines are not purely monochromatic; rather, the energy 

s distributed across a narrow spectral range because any process 

ccurring over a finite amount of time has an intrinsic width in 

he frequency domain. The shape of the spectral lines depends 

n the nature of the transition, for which the damped oscilla- 

or model is the most widely accepted analogy, giving rise to the 

orentzian profile. The mechanism behind pressure broadening is 

hat molecular collisions perturb the “damping”, thus inducing a 

ider FWHM of the Lorentzian. Temperature broadening, also re- 

erred to as Doppler broadening, is a consequence of molecular 

otion relative to the observer, resulting in a Gaussian distribu- 

ion about the line center. The combined effect of pressure and 

emperature is typically described with a Voigt line shape which 

s a convolution of the Lorentzian and Gaussian profiles. 

Line specific broadening parameters used for calculations of sin- 

le line profiles are included in the HITRAN and HITEMP line lists. 

hese parameters are provided as γ air and γ self corresponding to 

ir- and self-broadened, or resonance-broadening, half widths at 

96 K, respectively. The half width γ 0 used in calculations, de- 

ends on the concentration, x, of the selected species as it takes 

ir and self-broadening into account Eq. (2) , 

0 = γair ( 1 − x ) + γself x (2) 

he collision-broadened half width, γ c , is related γ 0 through 

q. (3) . 

c = γ0 
p 

p 0 

(
T 0 

T 

)n 

(3) 

here the exponent n is also line specific (when it is available). 

However, at high-pressure the traditional approach to account 

or pressure broadening is insufficient and the present study seeks 

o improve simple empirical methods using the latest experimen- 

al high-pressure data. Presented calculations of absorption spec- 

ra is based on the HITEMP-2010 database [11] and performed 

sing an in-house developed MATLAB code, RadISpeC. The code 

as been optimized for computational efficiency and is validated 

ith the HITRAN application-programming interface (HAPI) [16] . 

adISpeC is freely available for download from [17] , where detailed 
2 
ocumentation is also available. The RadISpeC code has following 

ptions for spectra calculation parameters: line intensity cut-off, 

ine wings cut-off, basis line-shapes, pressure, temperature, spec- 

ral resolution and instrument line-shape function (ILS) as well as 

arious shape corrections to the basis line-shapes. The basis line 

hape options include the Lorentzian, Voigt, Van Vleck-Weisskopf 

18] and MT-CKD [19] . Since no analytical solution exists for the 

oigt profile, it can be optionally calculated numerically with the 

se of either the Humlìček approximation [20] or the approxima- 

ion given by Liu et. al. [21] . 

.1. CO 2 

Available experimental data acquired at high pressures and 

emperatures have been used to validate the CO 2 spectra generated 

rom HITEMP-2010 with various corrections to the line shapes ap- 

lied. The majority of the data are from experiments conducted in 

he new high pressure and temperature gas cell at DTU [8] seen in 

ig. 1 . 

CO 2 transmissivity spectra were acquired with a Nicolet 5700 

igh resolution FT-IR spectrometer and a gas cell with effective 

bsorption path-length of 30.28 mm. An external IR light source 

as used in this setup and the spectral resolution was therefore 

efined by the optics collimating the beam (J-stop), entering the 

ichelson interferometer rather than the resolution specified by 

he FT-IR manufacturer. In addition, a Blackman apodization win- 

ow was used to reduce spectral ringing. The optical resolution has 

een determined by fitting a calculated high-resolution HITEMP 

010 spectrum, convolved with the instrument line shape imposed 

y the Blackman window. Excellent agreement between measured 

ata and HITEMP-2010 data is achieved ( Fig. 2 ) with a spectral 

esolution of 2.2 cm 

−1 according to the Sparrow criterion [22] . At 

ressures from 20 atm and above, the broadened spectral lines be- 

ome sufficiently wider than the ILS such that the FT-IR spectrom- 

ter is able to fully resolve the spectrum and therefore a correc- 
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Fig. 3. Measured absorptivity, (1- τ ), by the ν3 band of CO 2 from [8] and this work. 

(a) 5% CO 2 in N 2 at 10 0 0 K (black) and 627 K (gray) at pressures from 0.890 to 

101 bar. (b) 100% CO 2 at three different conditions. 
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ion of the absorptivity spectrum to account for the ILS of the FTIR 

pectrometer is not necessary. In this case the measured spectrum 

s the true spectrum, i.e. not affected by the measurement instru- 

ent. 

Measurements of 5% CO 2 in N 2 were made in a pressure range 

rom 0.89 to 101.01 bar and at temperatures 627 and 10 0 0 K. Also,

easurements of 100% CO 2 at 5.41, 19.39 and 31.90 bar pressure 

nd respective temperatures of 447, 565 and 627 K were made. The 

easured spectral absorption of CO2 is shown in Fig. 3 . 

The band head at 2397 cm 

−1 is apparent in the CO 2 − N 2 mea- 

urements at about 1 bar ( Fig. 3 (a)) with well-recognized slow de- 

rease in absorptivity towards lower wavenumbers and relatively 

teep decrease at higher wavenumbers. At higher pressures, a more 
3 
radual absorptivity decay becomes increasingly apparent beyond 

he band head ( ν > 2400 cm 

−1 ) and extends towards higher 

avenumbers. This is a consequence of superposition of thousands 

f spectrally broadened lines within the band. The spectral region 

etween 2400 to around 2600 cm 

−1 only consists of wing ab- 

orption from broadened lines. The shape of the absorptivity in 

his spectral region is a cumulative representation of the wings 

f pressure broadened lines and is thus an ideal basis for study- 

ng the average shape of these lines. It is apparent that absorptiv- 

ty increases with molecular density, i. e. increases with pressure 

nd decreases with temperature. The true effect of temperature 

nd pressure are more intuitively visualized when translating the 

ransmissivity spectra to the more general absorption cross-section 

pectra through Eq.(4). 

= − ln ( τ ) RT 

L x C O 2 p N A 

(4) 

he plateau region at the band top in Fig. 4 is not physical, but 

 consequence of the dynamic range of the FT-IR spectrometer. As 

ne can see in Fig. 4 (a), pressure increases the cross-section be- 

ond the band head in the 240 0 -260 0 cm 

−1 spectral range, while

he P-branch (2150–2250 cm 

−1 ) is not significantly affected. Tem- 

erature, on the other hand, widens the band due to an increase in 

hermal population of higher J-levels and hot bands. The thermal 

istribution only extends to lower wavenumbers due to the band 

ead. At the same time, the cross-section reduces beyond the band 

ead due to lower molecular density. 

With 100% CO 2 , the effect of pressure broadening can be seen 

n absorption cross-section spectra in Fig. 4 (b), when compar- 

ng the two band shapes from 5% and 100% CO 2 at 627 K (solid

ray and solid black respectively). The band shapes nearly match 

n both the high and low wavenumber regions despite the 5% 

easurement having a significantly higher pressure. This implies 

hat the broadening effect of resonance-, or self-broadening, is 

tronger than that of collision broadening. The shape of the con- 

inuum beyond the band head in Fig. 4 (b), gives the appear- 

nce that the wings of self-broadened lines decay differently com- 

ared to collision-broadened lines. The shape of the continuum 

rom collision-broadened lines implies that single lines decay more 

apidly from the line centers, while transitioning to a more grad- 

al decay in the far wing compared to self-broadened lines. This 

ehavior could be related to long lived dimer interactions [23] . 

Numerous studies of non-Lorentzian behavior of CO 2 absorp- 

ion lines, primarily in the 4.3 μm band, exist [ 24 , 25 , 26 , 27 , 28 , 5 ].

ypically, true spectral lines have sub-Lorentzian wings and con- 

equently super-Lorentzian line centers. A correction is required 

o account for non-Lorentzian behavior, especially for the 4.3 μm 

and of CO 2 due to the high intensity and density of the lines con- 

ained within the band. 

Alberti et al. [ 29 , 30 , 31 , 32 ] have shown the error caused by the

nfinitely extended line wings of the full Lorentzian profile. They 

roposed band-shape correlations, based on experiments, describ- 

ng a dynamic wing cut-off as function of pressure and tempera- 

ure. The correction simply cuts off the wings of super-positioned 

orentzian lines at a specified wavenumber relative to γ 0 . Conse- 

uently, this approach does not account for super-Lorentzian be- 

avior near line centers and therefore does not conserve the inte- 

rated line intensity. For this reason, the correction is only applica- 

le in an optical thickness range where the strong absorption lines 

re opaque and the far-wing contributions are negligible. Although 

he corrections of Alberti et al. are simple and efficient, large local 

eviations in the absorption coefficient may appear when broaden- 

ng is severe. In addition, the cut-off imparts discontinuities in the 

pectra. The ensemble effect of which may distort the qualitative 

hape of vibrational bands. 
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Fig. 4. (a) Measured absorption cross-section of 5% CO 2 in N 2 at 10 0 0 K (black) 

and 627 K (gray) and a pressure range of 0.890–101 bar. (b) Measured absorption 

cross-section of 100%e CO 2 at three different conditions compared to 5% CO 2 in N 2 

measurements at similar conditions. 
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Fig. 5. a) The pseudo-Lorentzian profiles compared to the Lorentzian and the Voigt 

profile. The lower half of the y-axis is logarithmic while the upper half is linear in 

order to enhance the differences in both wings and peaks. b) The pressure depen- 

dency of the exponent ξ at 627 K and 10 0 0 K fitted with the empirical expression 

ξ = 2 + ( e 1 −p 0 / p 
0 . 1 − 1 )b(T) . 
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Another correction approach frequently applied is the line wing 

orrection, usually referred to as the χ-correction, where a correc- 

ion coefficient between 0 and 1 is multiplied with the Lorentzian 

rofile. The correction consists of exponentially decaying functions, 

ach valid within a given spectral range from the line center, ef- 

ectively suppressing the wings of the Lorentzian profile. This ap- 

roach also has the drawback of not conserving the integrated line 

ntensity and thus becomes inaccurate for dilute mixtures and low 

ptical thickness as also demonstrated by Perrin & Hartmann [4] . 

artmann et al. [33] therefore proposed an additional correction, 
4 
here the entire line profile is multiplied by a density-dependent 

onstant that compensates for the deviation from the integrated 

ine intensity as consequence of the χ-correction. However, no cor- 

elation was developed for the approach, nor has it been applied in 

he literature. Perrin & Hartmann [ 5 , 4 ] examined line broadening 

t pressures approaching those in combustion engines, but only at 

 temperature range up to 800 K. 

Instead of correcting the Lorentzian line profile, Price proposed 

 pseudo-Lorentzian profile [34] . The application was intended for 

össbauer spectroscopy, but the authors recognized its potential 

se in vibrational spectroscopy. A similar approach has been pub- 

ished earlier in a NASA report [35] . The profile has a single em- 

irical parameter imposing sub-Lorentzian wings while conserving 

he integrated line intensity. The profile has the same formulation 

s the Lorentzian, only the wavenumber exponent, ξ , is set as a 

ariable as seen in Eq. (5) . Thus, for ξ = 2, the profile is simply the

orentzian. The elegance of the profile is that it can be integrated 

nalytically as shown in Eq. (6) . This allows one to use the constant 

to normalize the integral over the selected line. Examples of 

ome pseudo-Lorentzian profiles compared to the Lorentzian and 

oigt profiles can be seen in Fig. 5 (a). 

 p ( ν) = 

α(
1 + 

∣∣∣	ν/ γc 

∣∣∣ξ
) (5) 

= 

ξ sin 

(
π/ ξ

)
2 πγc 

(6) 

he parameter ξ was determined by fitting simulated spectra to 

he measured spectra in the spectral range 210 0–260 0 cm 

−1 using 

 weighted least squares approach. In this approach, the residuals 

re weighted with τ 2 to account for the variance of noise in the 

pectroscopic measurements [36] . This ensures that the saturated 

pectral region does not affect the quality of the fit. 

The fitted ξ values and the resulting spectra can be seen in 

igs. 5 (b) and 6 respectively. Fig. 6 also shows that the χ- 

orrection by Perrin & Hartmann gives a good approximation to 

he continuum in the experimental data. The ξ fit has been pres- 

ure and temperature correlated with the empirical function in 

q. (7) . 

( p , T ) = 2 + 

(
e 1 −p 0 / p 

0 . 1 − 1 

)
b ( T ) (7) 
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Fig. 6. Modelled spectra of the ν3 continuum of CO 2 using ( − − − ) the fitted 

pseudo-Lorentzian from present work and ( • • • • • • • • • ) the χ-correction 

by Perrin & Hartmann [4] compared to ( ) measurements of 5% CO 2 in N 2 at (a) 

10 0 0 K and (b) 627 K in pressure range of 0.9–100 bar. 
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Fig. 7. Modelled spectra using the pseudo-Lorentzian with the correlation for ξ

in Eq. (8) is shown in dashed lines compared to measurements of 20% CO 2 in N 2 

shown in gray. 

Fig. 8. Modelled spectra of the 4.3 μm band of CO 2 using a pseudo-Lorentzian pro- 

file with ξ based on Eq. (7) with b = 3.66( ), the χ-correction by Perrin & Hart- 

mann ( − − − ) and the Lorentzian ( − − − ). Experimental data by Perrin & Hart- 

mann [4] of 88 ppm CO 2 in N 2 at 296 K and elevated pressure of 20.6 and 59 bar 

in a 4.4 cm cell ( • ). 
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here p 0 is a reference pressure of 1atm, p is the total pressure in

tm and b(T) is a function of temperature. Effects of concentration 

ere difficult to discern as the dataset only consisted of 5 % and 

00 % CO 2 . 

One can expect the function b(T) to be inversely related to tem- 

erature due to the inverse relation to γ c , Eq. (3) . Assuming that 

(T) takes on the form x 1 ( 
T 0 
T ) 

x 2 , one can calculate x 1 and x 2 using 

he fitted b values shown in Fig. 5 (b) by solving x 1 = 

2 . 93 
( 296 / 627 ) x 2 

= 

 . 48 and x 2 = ln ( 2 . 63 
2 . 93 ) / ln ( 627 

10 0 0 ) = 0 . 23 from the data fit of 627 K

nd 10 0 0 K measurements shown in Fig. 6 . 

This correlation has been tested against newly acquired mea- 

urements of 20 % CO 2 in N 2 at 773 K at 40 and 60 bar, and 1273 K

t 20, 40 and 60 bar. It was found that the correlation performs ex- 

ellently when factoring in the concentration of CO 2 as shown in 

q. (8) . 

( p , T ) = 2 + a ( p ) b ( T ) ( 1 − x C O 2 ) (8) 

here a(p) = ( e 1 −p 0 / p 
0 . 1 − 1 ) and b(T) = 3.66(T 0 /T) 0.23 . Notice that 

 1 in b(T) becomes 3.66 when accounting for the CO 2 concen- 

ration of 5 % in the measurements of which the correlation was 

ased. The performance of the correlation in modeling the spectra 

t 500 and 1000 ◦C can be seen in Fig. 7 . 

At pressures from atmospheric and below, the pure Lorentzian 

i. e. ξ = 2) is assumed to give the best fit. Thus, Eq. (8) is only
5 
alid for p > 1 bar. However, due to the steep gradient in ξ from 

–5 bar and the lack of measurements in this pressure range, 

he correlation is considered applicable in the pressure range 5–

00 bar. The correlation in Eq. (8) also produces a good fit to the 

ilute low temperature measurements at 296 K taken from [4] . 

he conservation of integrated line intensity makes the pseudo- 

orentzian profile more accurate under optically thin conditions 

ompared to the χ-correction approach as demonstrated in Fig. 8 . 

he pseudo-Lorentzian predicts the band centers well despite the 

act that the ξ was fitted from the spectra of less dilute CO 2 at 

igher temperature. 

The concentration dependence in Eq. (8) results in a Lorentzian 

rofile for 100 % CO 2 , which does not match the measurements 

ell. The correlation is therefore limited to the concentration range 

p to 20% CO 2 for which it is so far validated. However, it should 

e emphasized that the concentration range from 0–20% CO 2 cov- 

rs the majority of practical spectroscopy of flames. Neverthe- 

ess, the performance of the pseudo-Lorenztian approach for self- 

roadened lines has been investigated. The profile ( Eq. (5) ) does 

ot appear able to mimic the basic shape of the line profile of 

elf-broadened lines as well as collision-broadened lines, as seen in 

ig. 9 a). Indeed, it is apparent that the line shape changes when 

elf-broadening dominates as also observed in Fig. 4 (b). 

The impact of sub-Lorentzian correction on radiative heat trans- 

er may be somewhat elusive to quantify, as it depends on the 

olecular density and path length of the specific case. This is evi- 

ent in Fig. 4 , where higher molecular density reveals lower cross- 

ections and saturate the higher cross-sections that fall within the 

ynamic range of the spectrometer. The absorption cross-sections 

hown in Fig. 10 is thus an intuitive way of illustrating the im- 
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Fig. 9. Pseudo-Lorentzian with two different values of ξ ( − − − ) compared to 

measurement of Pure CO 2 at 39.1 bar and 627 K ( ). 

Fig. 10. Modelled absorption cross-section of 5 % CO 2 in N 2 at 100 bar and 1200 K 

using a Lorentzian profile (dashed line) and the correlated pseudo-Lorentzian pro- 

file (solid line). 

Fig. 11. Transmissivity measurements from Hartmann et al. [6] converted to ab- 

sorption cross-section assuming (a) ideal gas behavior and (b) real gas behavior. 

The measurements are of the ν2 band wing of pure H 2 O at 575 K and a range of 

pressures. 
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Fig. 12. H 2 O spectra modeled using the pseudo-Lorentzian line shape with ξ = 2.4 

( − − − ) compared to measurements from Hartmann et al. [6] of the ν2 band at 

(a) 575 K and (b) 775 K and (c) the ( ν1 ,2 ν2 , ν3 ) triad at 3 different densities. 
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act of the pseudo-Lorentzian correction. One can deduct that 

he difference between calculated radiative heat transfer using the 

orentzian and Pseudo-Lorentzian increases with molecular density 

nd optical path length. 

In optical diagnostics, it may have significant impact that N 2 

roadened CO 2 lines at concentrations up to 20 % over a wide 

ange of pressures and temperatures can be well predicted with 

he use of the pseudo-Lorentzian line profile. The accurate pre- 

iction of the 4.3 μm band shape makes the correlated Pseudo- 

orentzian attractive for use in spectral based thermometry of 

igh-pressure flames, utilizing the thermal- and pressure broaden- 

ng as additional inputs for the tomographic reconstruction of lo- 

al temperatures in axis-symmetrical flames. In addition, the con- 

ervation of the integrated line intensity makes the profile versa- 

ile with respect to optical thickness, an important property for 

odeling of radiative transfer with steep gradients in tempera- 
6 
ure and gas concentrations. In these cases, the developed pseudo- 

orentzian approach gives a simple and flexible line-shape model- 

ng tool for CO2 emission spectra modeling. 

It should be mentioned that foreign-broadening of CO 2 lines 

y H 2 O, and vice versa, are important in the context of hydrocar- 

on flames. Such interaction was also recognized by Perrin & Hart- 

ann, who investigated the H 2 O-broadening of CO 2 lines at high 

emperatures, but at sub atmospheric pressures [37] . Later studies 

ave shown that H 2 O has an impact on CO 2 [ 38–42 ] broadening

n CO 2 + H 2 O mixtures. Unfortunately, such measurements at el- 

vated pressure and temperatures are very limited and must be 

ubject for further work. 

.2. H 2 O 

The H 2 O absorption continuum is an extensively studied topic 

n the environmental science. The majority of these studies are 

hus concerning sub-atmospheric to atmospheric pressure and low 

emperatures [ 43–45 ], while literature regarding H 2 O line broad- 

ning at elevated temperatures and pressures is limited. Thomas 

7] and Hartmann et al. [6] are probably the most cited works in 

his regard. 

The polarity of H 2 O makes it more susceptible to dimerization 

hich may induce shifts in spectral peaks, broaden the lines and 

dd certain broadband spectral features affecting the continuum 

46] . Such effects are not accounted for in the spectral molecular 

atabases, making H 2 O difficult to model. However, dimerization is 

ess significant at the temperatures, concentrations and pressures 

elevant to flames. 

Several of the measurements by Hartmann et al. [6] were made 

nder conditions near saturation where dimerization is significant. 

hey used the modified Berthelot equation of state to account for 
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eal gas effects on the molecular density. The molecular density 

ay alternatively be corrected by using an effective path length, 

 

′ = L/Z, where Z is the compressibility factor found with a real 

as equation of state. The real gas behavior is evident when con- 

erting transmissivity to cross-section using Eq. (4) as seen in 

ig. 11 (a). The cross-section is significantly overestimated when 

ssuming ideal gas, especially near saturated conditions. Replacing 

 with L ′ in Eq. (4) corrects for the deviations from ideal gas, iso-

ating the effects of broadening as seen in Fig. 11 (b). 

Hartmann et al. [6] developed a χ- based correction for mod- 

ling spectra of pure water over a wide pressure and temperature 

ange in two narrow spectral ranges of the ν2 band wing (1900–

600 cm 

−1 ) and the ( ν1 , 2 ν2 , ν3 ) triad wing (390 0–460 0 cm 

−1 ).

ith a constant value of ξ = 2.4, the pseudo-Lorentzian profile 

as found to provide similar performance as the χ-correction of 

artmann when comparing to measurements in the ν2 band as 

ell as the ( ν1 ,2 ν2 , ν3 ) triad over a wide range of temperatures

nd pressures as seen in Fig. 12 . 

It should be emphasized that the measurements here are of 

ure water vapor which is not relevant to combustion applications. 

evertheless, the results indicate that the pseudo-Lorentzian can 

e used as an empirical line shape for H 2 O as well as CO 2 . 

. Conclusion 

Detailed analysis of the spectral properties of major combus- 

ion products such as CO 2 and H 2 O have been performed to fa- 

ilitate experimental and modeling investigations of radiative heat 

ransfer in high-pressure flames. At pressures relevant for prac- 

ical combustion applications, line corrections to account for de- 

iations from Lorentzian/Voigt profiles are important, especially 

or CO 2 due to the dense-packed strong lines in the ν3 band. 

arameters and corrections applied to calculate molecular spec- 

ra have been rigorously validated against measurements. Some 

reviously reported empirical corrections have been investigated 

nd further development have been made of an empirical pseudo- 

orentzian line profile approach, previously applied in Mössbauer 

pectroscopy. This approach offers simplicity over previously pub- 

ished far wing χ-corrections, with its single fitting parameter ξ . 

n addition, it maintains the integrated line intensity and is thus 

pplicable for high as well as low optical thicknesses. 

The pseudo-Lorentzian is excellent in recreating the qualitative 

and shape in the modelled spectra compared to the experimen- 

al data of N 2 + CO 2 mixtures. A correlation for ξ has thus been 

stablished for N 2 + CO 2 mixtures over a wide pressure, tempera- 

ure and concentration range. The correlation performs well when 

ested against newly acquired high temperature and pressure spec- 

ra of 20% CO 2 − 80% N 2 . 

The dipole interaction occurring in self-broadened lines appears 

o impose a different line shape than collision-broadened lines. 

his observation is made on the appearance of the band shape of 

ure CO 2 compared to N 2 + CO 2 , and the fact that the pseudo-

orentzian is unable to reproduce the shape of the absorptivity 

ontinuum beyond the band head. The correlation is thus limited 

o the concentration range investigated here. 

It was found that a value of ξ = 2.4 gives similar performance 

o the previously proposed empirical line correction for pure H 2 O, 

ndicating the potential for the use of the pseudo-Lorentzian in di- 

ute H 2 O mixtures relevant to combustion. 
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