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As the development of current propulsion technology such as gas turbine and
rocket chamber moving to higher working pressure, the radiative parameters of
fuel, such as CH, or CO, are required at elevated pressures, which in some cases
are calculated without considering the pressure effect of line broadening. To in-
vestigate the pressure effect of line broadening on the radiative heat transfer, the
radiative heat sources of a 1-D enclosure filled with CH,/CO and Planck mean
absorption coefficients at elevated pressures were calculated using the statistical
narrow band and line-by-line methods. The radiative parameters were conducted
using high temperature molecular spectroscopic (HITEMP) 2019 (for CO) and
HITEMP 2020 (for CH,) databases. The results showed that the pressure effect of
line broadening on the calculations of radiative heat source of CH, can be ignored
when HITEMP 2020 database was used. For CO medium, the pressure effect of
line broadening was over 40% at 30 atmosphere in all cases whichever meth-
ods and databases were used. The pressure broadening has a strong effect on the
Planck mean absorption coefficient below 1000 K for CH, and at the temperature
of 500-900 K for CO at 30 atmosphere. The maximum pressure effects were 22%
for CH, and 18% for CO at 30 atmosphere, which illustrated the pressure effect of
line broadening needed to be taken into account in the calculation of Planck mean
absorption coefficient.

Key words: gas radiation, Planck mean absorption coefficient, line broadening,
HITEMP 2020 database, high pressure

Introduction

In real fire situations, the rate of fuel-burning depends on the radiative heat feedback
from the flame to the fuel surface. For a 0.3 m diameter pool fire of CH,, the ratio of radiative
heat transfer to total heat transfer is around 55% and it increases with the pool diameter [1]. The
radiative contribution of CO in combustion is always negligible since CO has a lower volume
fraction, it is very different in gasification technology while syngas containing 30-40% CO [2].
In addition, CH, is the main component of natural gas, which is a clean fuel for power generation
and can achieve zero-emission in combination with carbon capture and storage [3]. Therefore,
substantial attention should be given to study the radiative heat transfer of CO and CH,.
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In the past two decades, many methods have been developed to calculated radiative
heat transfer of CO [2, 4] and CH, [5, 6] at atmospheric pressure. However, for the combustion
in gasifiers [7] or gas turbine combustion chambers [8], the reaction pressure is much higher
than atmospheric pressure. For example, the Bioliq gasifier [9] produced syngas from a biomass
feedstock at a pressure of 40 atmosphere and an industrial gas turbine burner [10] with 5 MW
output operated at a pressure of 15 atmosphere. Numerical simulations of such a gasifier or gas
turbine require radiative parameters of participating medium at elevated pressures.

At present, many researchers have studied the gas radiation for elevated pressure [11,
12]. The absorption-line blackbody distribution function (ALBDF) and radiative heat transfer
of H,0O and CO; in variable pressures had been calculated [13]. The results showed the ALBDF
decreased with total pressure increased. The pressure affected the spectral line absorption coef-
ficient by altering the line half-width (line broadening) and the increasement of molecule den-
sity [14]. However, for the higher calculation efficiency, the pressure effect of line broadening
was always ignored in the simulation at elevated pressures [15]. The absorption coefficient was
simply considered to increase linearly with pressure [16].

Due to the complicated wavelength dependence of absorption coefficients, the
Planck mean absorption coefficient was proposed and the corresponding radiative parameters
were considered as wavelength independent [17]. Based on this assumption, the computation
efficiency of radiative heat transfer can be dramatically improved. The Planck mean absorp-
tion coefficient was used as a gray-gas model [18] and had a good estimation on the radiation
emission for the combustion system [19]. It was widely used in the prediction of radiative
heat transfer of combustion systems in reduced pressures [20], atmosphere [19, 21] and ele-
vated pressures [3, 22]. Nevertheless, the Planck mean absorption coefficient was considered
to be independent of pressure [16], and the pressure effect of line broadening was neglected.
The pressure effect of line broadening on the Planck mean absorption coefficient needs to be
analysed, which is important to accurately predict radiative heat transfer in combustion at
elevated pressures.

The novelty of this work is determining whether and when neglecting the pressure
effect of line broadening would cause a strong impact on the radiative heat transfer. Firstly, the
radiative parameters of CO and CH, at pressures of 1, 5, 10, and 30 atmosphere were generated
using the line-by-line (LBL) and the statistical narrow band (SNB) methods based on the latest
HITEMP databases which have been updated in 2019 and 2020 for CO and CH, [5], respective-
ly. The radiative parameters were generally divided into two groups, one was generated con-
sidering the pressure effect of line broadening and the other one not. Subsequently, combined
with two different groups of radiative parameters, the radiative heat sources at two different
cases were calculated by the discrete-ordinate method (DOM) in a 1-D parallel plate model.
The Planck mean absorption coefficients of CO and CH, were also obtained. Finally, the results
calculated with two different groups of radiative parameters were compared and discussed.

Methodology

The LBL method

In the LBL method, the absorption coefficient of each band at wavenumber v was
given [23]:

K, = Nzi: Si(T)F,(v) (1)
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where N is the molecule number density, S; — line intensity of the i spectral line and F; — Lo-
rentz line shape profile and can be obtained:

7/.
E)= '
n[(‘}_"m)z +7"2] ®
where y, is the half-width of /" spectral line and expressed:
7\ P P
7/1 %,latm (Tj |:7alr[ Pj 7self P:| ( )

where Ty, = 296 K is the reference temperature, 7, n, .., Vsar, P, and P, are the temperature
of the medium, the coefficient of temperature dependence, the air-broadened half-width, the
self-broadened half-width, the total pressure, and the medium partial pressure, respectively. If
the pressure effect of line broadening was neglected, the eq. (3) can be transformed:

LY P P
7/1‘ = j/i,latm = (70) |:7/air [1 _?j + ysclf F:| (4)

The calculation of line intensity S; can be found in [24].
For an absorbing, emitting medium, the radiative transfer equation (RTE) can be written:

o, _ k1, +x,1
Os viv viby (5)

The corresponding boundary conditions for a 1-D enclosure are written:

1,(8,,.Q)=¢

dQY, for |nQ | >0 (6)

w,v[bw v

Once the radiative intensity is calculated by the DOM [25] with the absorption coeffi-
cient, the radiative heat flux can be obtained:

N
9(x)=Y {Zui,n,,wn ]Av (7)

allAv\ n=1

The radiative source term is then given:

_d_q: 9iv1—4i (8)

dx Xivt =%

The SNB method

The SNB method was conducted to calculate the average transmissivity of a narrow
band [26]. For a medium with a path-length, L, a mole fraction, f, and a pressure, P, the average
transmissivity of the SNB method was written [27]:

T, =exp 1B 1+ﬁ—1 )
2 nB

where

where k,, 7,, and J, are the average coefﬁ01ent absorption, the average half-width of spectral
lines, and the average interval between spectral lines, respectively. The equations for calculat-
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ing these parameters can be found in [28]. For a non-homogeneous and non-isothermal case, the
Curtis-Godson approximation [29] was introduced to calculate the equivalent band parameters.

Once the average transmissivity of each discrete grid was obtained, the radiative
intensity along a discrete direction, m, can be calculated by solving the RTE using the DOM.
Finally, based on the radiative intensity in all directions, the radiative heat source at each grid
point can be obtained [28].

The Planck mean absorption coefficient

The Planck mean absorption coefficient was a solution for gray-gas model and was
established by [17]. It can be defined:

by™y
K, = ij Jk,dv (10)
II dv

Il K dv

where x, and 1, are the spectral absorption coefficient and the spectral blackbody intensity at a
wave number, v.

Validation of the SNB method

To validate the accuracy of the SNB method, the transmissivities calculated by the
LBL method were introduced to serve as a benchmark. The HITEMP 2019 (for CO) and HI-
TEMP 2020 (for CH,) databases were adopted in the LBL and SNB methods. In the LBL meth-
od, the transmissivity at a wavenumber v over a path L was given:

Tup = €Xp(—k,L) (11)

The bandwidth of the LBL method was set as 0.02 cm™. For the purpose of comparing
the transmissivity obtained by SNB method whose bandwidth was 25 cm™, the results of LBL
method should be transferred to low resolution transmissivity:

1 vy +(Av/2)

TiBLav = E J. Ty dv (12)

vo—(Av/2)
where Av is the bandwidth of the SNB method and v, — the central wavenumber of each band.
Figure 1 shows the transmissivities of CO and CH, calculated by the LBL and SNB
methods. The maximum absolute errors of CH, and CO were —0.118 and 0.123, respectively. In
general, the transmissivities calculated by LBL and SNB methods had an excellent agreement
which demonstrated the high accuracy of the SNB method.
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Figure 1. The transmissivities calculated by LBL and SNB methods and
absolute errors for (a) CH, and (b) CO
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Results and discussion

A 1-D parallel plate filled with CO or CH, gas was investigated in this study. The
medium was bounded by black walls with a distance L equal to 1.0 m. The emissivities of
both walls were 1.0. The bandwidth of LBL and SNB methods were chosen as 0.02 cm™ and
25 ecm ' [30, 31]. The range of wavenumber was selected as 150-9300 cm™! since most spectral
line located here both for CO and CH,. The total pressures considered in this study were 1, 5,
10, and 30 atmosphere. To investigate the pressure effect of line broadening on the radiative
heat transfer, the radiative parameters calculated using eqs. (3) and (4) at elevated pressures
were both generated and compared. The DOM was used to solve the radiative heat transfer
equation obtain the radiative heat sources for two different cases. The profiles of temperature
and mole fraction of CO and CH, are similar to [12, 32] and were detailed in tab.1.

Table 1. The profiles of temperature and mole fractions of CO and CH,

Case | Species Temperature [K] Mole fraction | Wall temperatures [K] | Pressures [atm]
1 CO/CH, 1000 1.0 300, 300 1,5,10,30
2 CO/CH, | 400 + 1400sin(mx/L)* sin(mx/L)? 400, 400 1,5,10, 30

The Planck mean absorption coefficients at temperatures ranging from 300-1500 K
with an interval of 100 K were obtained. The spectral absorption coefficient in eq. (6) was
obtained from the radiative parameters calculated by the LBL method at total pressures of 1,
5, 10, and 30 atmosphere. The radiative parameters calculated using egs. (3) and (4) were both
generated to investigate the pressure effect of line broadening on the Planck mean absorption
coefficient.

The legends Py and y in figs. 2 and 3 represented the results calculated using
egs. (3) and (4), respectively. Since the radiative heat sources calculated using egs. (3) and (4)
were the same at 1 atmosphere, therefore, only a group of radiative heat sources at 1 atmosphere
was plotted for each case. The pressure effect of line broadening on radiative heat source was
described by:

Vq;/ - VQP;/

13
(Vq,) max (13)

Radiative heat source for casel

An isothermal and homogenous CO and CH, were investigated in this case. As shown
in fig. 2, the radiative heat sources of CO and CH, close to the walls were obviously larger than
those in the middle. The reason was that the temperature of the grid close to the walls varied
quickly. Meanwhile, the pressure effect of line broadening close to the walls was evidently
higher since a larger radiative heat source was obtained here. For CH,, the maximum pressure
effect of line broadening obtained by the LBL and SNB methods at pressures of 5, 10, and 30
atmosphere were less than 5% shown in figs. 2(a) and 2(b). While for the results of CO shown
in fig. 2(c) and 2(d), neglecting the pressure effect of line broadening would dramatically under-
predict the radiative heat sources using the LBL and SNB methods, especially for the radiative
heat sources close to the walls. The maximum pressure effects of line broadening of CO were
55% and 65% calculated by the LBL and SNB methods, which were obviously larger than that
of CH4



Yang, Y., et al.: Effect of Pressure Broadening on the Radiative Heat Transfer ...
3756 THERMAL SCIENCE: Year 2022, Vol. 26, No. 5A, pp. 3751-3761

LBL + HITEMP 2020

Tatm
- — 5atm
~~~~~ 10 atm

-~ 30atm

Py o S5atm
_a00} ¢ a 10atm
H © 30atm

-5001-%

1 1 1 L L 1 1 1 L
00 01 02 03 04 05 06 07 08 09 1.0

o 1%]

vq,)/(Vq,
N
83
R
Vg, -Va,)/(Va),
o o
s
83
%8
3 3
G

:
02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Distance [m] (d) Distance [m]

=4
o
=)

' of 1 L 1 L 1 L 1 L 1 1 1 L L L 1 ' 1 1
€ 00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
(a) Distance [m] (b) Distance [m]
-2

o3 —

£ 4f s et | E
R > £
= 7F =

v -8fF )

Y or o}

5 0k LBL + HITEMP 2020 . =

o

2l y 1atm “ 4 e}
"r‘u’ - — 5atm % ::

o | e 10atm W B )
ﬁ Y R (e 30atm \ < 50 - 30atm R

o A\

> 3
2 o Py e Satm o % ¢ Pyo satm °
5-100} & 10atm 2 00t 4 10atm

< a © 30atm & = a © 30atm a
o o

© ©
_150 . : . . : . A L . 1502 1 L L L L s L L L0
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 1.0

£ 60 € 70

£ 5atm 1 £ 5atm

s [y e 10atm S B T 10atm

; 30 30atm £ 35 30atm

S <

= =

Y e I T T T T T T ] T T T T T T T T T

g g

@

Figure 2. The pressure effect of line broadening on radiative heat source of;

(a) CH, calculated using LBL + HITEMP 2020, (b) CH, calculated using SNB +
HITEMP 2020, (c) CO calculated using LBL + HITEMP 2019, and

(d) CO calculated using SNB + HITEMP 2019 in Case 1

Radiative heat source for Case 2

In Case 2, an inhomogeneous and non-isothermal case was simulated which was
conducted from [33]. The radiative heat sources calculated using parameters derived from
egs. (3) and (4) are compared in fig. 3. It is interesting to observe from fig. 3 that the maximum
pressure effect of line broadening appeared at the position where the maximum radiative heat
source occurred, which is the same as Case 1. It is clear from figs. 3(a) and 3(b) that little dif-
ference can be found between the radiative heat sources calculated by eqs. (3) and (4) for CH,,
whichever method was used. This result indicated that the pressure effect of line broadening had
little impact on the radiative heat transfer of CH,. As shown in fig. 3(c) and 3(d), the maximum
pressure effects of line broadening of CO calculated by LBL and SNB methods were both over
30% at the pressure of 5 atmosphere. In addition, they increased with pressure and reached 50%
at the pressure of 30 atmosphere. The results calculated by [33] using HITEMP 2010 database
were also plotted in fig. 3(c) to study the effect of different databases on the radiative heat
source. As shown in fig. 3(c), little difference could be found between the results of Brittes [33]
and HITEMP 2019 database.
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Figure 3. The pressure effect of line broadening on radiative heat source of;

(a) CH, calculated using LBL + HITEMP 2020, (b) CH, calculated using SNB +
HITEMP 2020, (c) CO calculated using LBL + HITEMP 2019, and

(d) CO calculated using SNB + HITEMP 2019 in Case 2

Distance [m]

Planck mean absorption coefficient

The Planck mean absorption coefficients, K, of CH, calculated with HITEMP 2020
database were shown in fig. 4. Please note, since the K, calculated at 1, 5, 10, and 30 atmo-
sphere using eq. (3) were the same, only the K, calculated using eq. (3) at 1 atmosphere were
plotted in fig. 4. The legends Py in fig. 4 represented the results calculated using eq. (4). The
pressure effect of line broadening for the Plank mean absorption coefficient was described:

Kp,latm - Kp,Py

(k

(14)
s )

The K, calculated by [34] using the LBL method with high resolution transmission
(HITRAN) 2008 database at 1 atmosphere were also potted in fig. 4 to investigate the effect of
different databases on K,.

As shown in fig. 4(a), the K, calculated with HITEMP 2020 database is apparently
larger than that with HITRAN 2008 database at 1 atmosphere above 600 K due to the lack

of hot lines in HITRAN 2008 database. Hence, when the K|, of CH, is needed in the practical
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Figure4.Thepressureeffectofline broadening on the Planck mean absorption coefficients of;
(a) CH, and (b) CO calculated using HITEMP 2020 and HITEMP 2019 databases

prediction at a temperature above 600 K, the HITEMP 2020 database is more suggested. When
considering the pressure effect of line broadening at elevated pressures, the K, were obviously
lower than that at 1 atmosphere and decreased as the pressure increased. As the pressure in-
creased from 5 atmosphere to 30 atmosphere, the maximum pressure effect of line broadening
increased from 3-22%. The pressure effect of line broadening at elevated pressures decreased
as the temperature increased from 300-1500 K.

The K, of CO calculated with HITEMP 2019 database were plotted in fig. 4(b). The re-
sults of Chu et al. [34] calculated with HITEMP 2010 database were also plotted in the fig. 4(b).
In fig. 4(b), the K, calculated with HITEMP 2020 database were a little larger than that with
Chu et al. [34], especially at the temperature range of 500-700 K. The reason was that more hot
lines existed in HITEMP 2020 database compared with HITEMP 2010 database. As shown in
fig. 4(b), with temperature increased, the pressure effect of line broadening increased initially
then decreased at three different pressures. It is clear from fig. 4(b) that without considering the
pressure effect of line broadening would overpredict the K. The maximum pressure effects of
line broadening obtained at 5 and 10 atmosphere were under 5%, which were obviously lower
than that at a pressure of 30 atmosphere (14%). Though the pressure effect of line broadening of
CO calculated at pressures of 5, 10, and 30 atmosphere were less than 20%, a larger error would
appear when higher pressure was used.

Conclusions

A 1-D enclosure filled with isothermal homogeneous or non-isothermal inhomoge-
neous CO/CH, medium was simulated to investigate the pressure effect of line broadening on
the radiative heat transfer. The radiative heat sources and Planck mean absorption coefficient at
elevated pressures were calculated using LBL and SNB methods with lasted HITEMP databas-
es. The conclusions of this study are as follows.
® For the CH, medium, the pressure effect of line broadening on radiative heat transfer can be
neglected when HITEMP 2020 database was used, especially when the SNB method was
adopted compared with the LBL method.

e For CO medium, the pressure effect of line broadening was obviously higher than that of
CH, medium. The maximum pressure effect of line broadening was over 40% for non-iso-
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thermal inhomogeneous case, and over 60% for isothermal homogeneous case at a pressure
of 30 atmosphere.

¢ Without considering the pressure effect of line broadening would overpredict the K, of CO
and CH, media. The pressure effect of line broadening on X, increased with pressure. The
pressure broadening has a strong effect on the Planck mean absorption below 1000 K for
CH, and at the temperature of 500-900 K for CO at 30 atmosphere. The maximum pressure
effects of line broadening were 22% and 18% for CH, and CO at 30 atmosphere.

® When the temperature was above 600 K, the HITEMP 2020 database was suggested to
calculate the K, of CH,. The K|, of CO calculated with HITEMP 2019 database were a little
larger than that with HITEMP 2010 database.
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Nomenclature
F  — Lorentz line shape profile, [cm] 1 — cosine of the angle between radiative heat
f —mole fraction of the radiating gas, [] flux and intensity directions, [—]
I, —spectral blackbody intensity, [Wm] 7 — transmissivity, [—]
K, —Planck mean absorption Q —solid angle, [sr]
coefficient, [cm'atm™] o —weight of radiative intensity in DOM method,
k  — absorption coefficient of narrow band, [cm™] [-]
L — distance between two plates, [m] .
N —molecule density of the Subscript
radiating gas, [cm™] s — partial pressure
n  — coefficient of temperature sV — wave number
dependence, [-] w —boundary walls
P —pressure, [atm] 0 —reference state
q —radiative heat flux, [Wm™]
S - line intensity, [cm] Acronyms
T —temperature, [K] ALBDF - absorption-line blackbody
distribution function
Greek symbols DOM - discrete ordinate method
y  — half-width at half-maximum, [cm™'] HITEMP — high temperature molecular
Vair — air-broadened half-width, [em™atm™] spectroscopic
Vser — self-broadened half-width, [ematm™] HITRAN - high resolution transmission
0 —average interval between spectral lines, LBL — line-by-line
[cm™atm™] RTE — radiative transfer equation
& —emissivity, [-] SNB — statistical narrow band
x  — spectral absorption coefficient, [cm™]
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