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1. Introduction

The importance of radiation heat transfer in many practical engi-
neering systems and the related problems such as combustion
furnaces and enclosure fires is well known. Historically, the imple-
mentation of radiative heat transfer in practical engineering calcula-
tion is limited because of the mathematical complexity in
accounting for the spectral and geometric effect of radiation. Over
the past thirty years, a significant amount of research has been con-
ducted and sophisticated solution methods have been developed. To
account for the geometric effect, for example, there are the zonal
method [1-3], the discrete ordinate method [4-6] and many others.
To account for the spectral effect, there are the narrow band model
[7], the k-distribution method 8] and the weighted gray gas method
[9,10]. Inrecent years, methods are also developed to account for both
the spectral and geometric effect simultaneously [11]. Indeed, with
the increasing availability of fast computational power and large data
storage capability, many practical engineering CFD (computational
fluid dynamic) codes such as FLUENT [12] and FDS [ 13] have now inte-
grated a radiation heat transfer solver using one of the solution meth-
ods. Highly sophisticated CFD simulations with impressive graphic
results accounting for the effect of radiation heat transfer now appear
to be available and these codes are being used more frequently and
routinely in important engineering design and fire safety analysis.
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Fundamentally, while an accurate solution method which can ac-
count for the spectral and geometric dependence of radiation heat
transfer isimportant, the effect of the radiative and thermal properties
of the participating medium is equally important and can have a sig-
nificantimpact on the accuracy of the results. All practical engineering
systems are generally inhomogeneous and non-isothermal. Most, if
not all, of the solution methods for radiation heat transfer, however,
are developed under the assumption of an isothermal, homogenous
medium. In the implementation of these methods in a practical engi-
neering calculation, some “average” properties are generally used in
the solver. Since the radiation effect is non-localized, the determina-
tion of the appropriate “average” properties used in the radiation sol-
ver is therefore a key to an accurate simulation of radiative heat
transfer in practical engineering systems. Indeed, the presentation
of results generated by CFD codes without a detailed explanation on
how the “average” radiation properties are evaluated is meaningless
since the accuracy of the results can be highly uncertain.

Over the past 30 years, the area of radiative heat transfer in
inhomogeneous and non-isothermal medium has not received
much attention. Indeed, the only reported research efforts on the
analysis of radiative heat transfer in inhomogeneous non-isother-
mal gases appear to be those on the development of the Curtis-God-
son approximation [14-18] in the 1960s. These efforts, however,
were focused on obtaining appropriate “equivalent uniform” prop-
erties for individual absorption band. Since different “equivalent”
properties are determined for different absorption bands, this
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Nomenclature

a; absorption coefficient

d; length scale of zone 1 (m), Fig. 1

d> length scale of zone 2 (m), Fig. 1

dm length scale of the equivalent homogeneous isothermal
zone (m), Fig. 1

e Planck function

Pu,0 partial pressure of H,O (kPa)

Pco, partial pressure of CO, (kPa)

Qine radiative heat flux emitted from the inhomogeneous
mixture from the surface of zone 1

Qne radiative heat flux emitted from the equivalent homo-

geneous mixture

T temperature (K)

Tinem emission mean temperature (K)

Toner transmission mean temperature (K)

Tin transmissivity of the inhomogeneous mixture

Th transmissivity of the equivalent homogeneous mixture
Subscripts

1,2 label for two zones of the inhomogeneous mixture

m label for the equivalent homogeneous zone

2 wavelength

conceptis not feasible for the determination of total heat transferina
practical engineering system.

The objective of this work is to introduce the concept of two
mean temperatures and the associated mean partial pressures for
an inhomogeneous non-isothermal medium so that existing radia-
tion solvers can be used accurately and efficiently in practical engi-
neering calculation. Similar to the concept used by the Curtis-
Godson approximation, the “equivalent” mean temperature and
partial pressure are defined as the properties such that the total
transmission through this “equivalent isothermal gas” and its total
emission are identical to those of a given path consisting of an
inhomogeneous non-isothermal gas. In this work, this concept is
illustrated by a two-zone CO,/H,0/N, mixture. The numerical data
are generated using an existing well established narrow-band radi-
ation solver RADCAL [7]. The two mean temperatures are tabulated
numerically for different gas properties and compositions to illus-
trate their dependence on the mixture properties. Based on these
data, the error of the common approach which uses a volumetric
average temperature in predicting the radiation effect is assessed.

2. Mathematical formulation

A two-zone non-isothermal inhomogeneous medium as shown
in Fig. 1 will be used as a basis for the development of the “radia-
tion mean” temperature. The medium is assumed to be a CO,/H,0/
N, mixture at atmospheric pressure. The physical dimension for
each zone will be assumed to be 1 m. For a given set of conditions
(T], PCOZ.] d], PHZOJ d], Ts, Pcozizdz, PHZO.ZdZ) of the two-zone mixture,
a mean temperature will be determined by finding the tempera-
ture of an equivalent isothermal, homogeneous medium as shown
in Fig. 1, with conditions Ty, Pco, mdm, Puyomdm, Which yield the
same radiative heat transfer result as the original mixture. For sim-
plicity, the current work will consider only mixtures maintained at
atmospheric pressure. Extension to higher pressure is straight for-
ward and can be considered in future works.

The “equivalent” mixture is assumed to be at atmospheric pres-
sure. The total mass of the absorbing gases, CO, and H,0, will be
assumed to be equal to those of the original two zones. Based on
the mean temperature T,, and treating the mixture as an ideal
gas, the partial pressure and the physical dimension of the equiv-
alent isothermal and homogeneous medium is given by

— d] d2
Prsontn =Tn <% - %) 2)
e 3)

Since a different integration is involved in the evaluation of the
emission and absorption of the mixture, a different mean tempera-
ture will be introduced for the two processes.

For the evaluation of emission from the two zone mixture radi-
ating from the surface of the first zone as shown in Fig. 1, the total
emission is given by

Qine = / e;.b(Tl){l — exp [*a/‘. (TMPHZO.I:PCOZ.l)dl} }d/l
Jo

+/ exn(T2) exp [*a;.(Tl7PH20.1,PCOZ.1)d1} 4)
0
x {1 —exp [~a,(T2, Pu,02, Pco, 2)d] }d.

The emission for the equivalent one-zone homogenous medium is

Qh.e = /0 e/lb(Tm.em){] — exp [_a/'. (Tm.emypHZO‘m~,PC02.m)dm} }d;
()

Egs. (4) and (5) can be evaluated with any spectral integration
method (e.g. line by line, narrow band model, etc.). By setting Q-
¢=Qne, @ mean emission temperature, T, em, can be readily tabu-
lated as a function of the mixture properties. Note that the
concept of a mixture emissivity is meaningless for a non-isothermal
mixture since it is a function of the assumed mixture temperature.
The emission mean temperature is therefore determined based on
the equivalence of the total radiative emission, not on the equiva-
lence of the mixture emissivity.

For the evaluation of transmission through the two zone mix-
ture, the following expression for the transmissivity is evaluated

Tip = / en(Ts)
0
x exp [—a;(T1,Pu,0.1, Peo,.1)di — a;(T2, Phyo2, Peo, 2) d2] di

(6)

For the one-zone homogenous medium, the transmissivity is
= [ en(T5)exp [0 (Tr. Prsom. Peo,n)dn] 02 @)
0

By setting T = T5, @ mean transmission temperature, Ty, s, can be
tabulated. Note that T, is generally a function of both the mixture
properties and the source temperature.

The two different mean temperatures can be readily evaluated
using any spectral radiation solver. The current work uses the nar-
row band model, RADCAL [7], which has been shown to be suffi-
ciently accurate for application in combustion media at
atmospheric conditions.
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3. Results and discussion
3.1. The emission mean temperature

The emission mean temperature for a H,O/N, mixture with dif-
ferent partial pressures and temperature at the two zones are tab-
ulated and shown in Fig. 2(a-d). The H,O partial pressure in zone 1
is kept constant at 1.0 kPa-m to show the effect of increasing H,O
partial pressure in zone 2. The average temperature, Tgu
= (Ty + T;)/2, is shown in the same figure for comparison. It is
apparent that except for the case of a homogeneous medium
(Pu,01d1 = Pu,02d> = 1.0 kPa-m), the average temperature is not a
good approximation of the emission mean temperature and it
therefore does not yield an accurate prediction of the emission.
As the optical thickness of zone 2 increases, the emission mean
temperature approaches the temperature of zone 2, as the

<Coomoneee d; e S SRR dy -eeeeeee3 >
Direction for evaluation¢—_|
of the mean emission Ty, Puzo, 1 Pcoz.i T2, Przo2 Pcoz.2
temperature
oo d, s>

Tnv PHZ(),m PC()Z,m

Fig. 1. Geometry and properties of the two-zone system and the equivalent one-
zone system used in the definition of the mean temperature.
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emission is dominated by the optically thick region. To demon-
strate the error of using the average temperature in predicting
the heat transfer, the emission based on the average temperature
(with the “average” partial pressure computed using expressions
similar to Eqs. (2) and (3)) are compared with the exact results
in Fig. 3(a-d). It can be readily observed that the error of using
the average temperature to calculate the total emission can be
quite substantial, up to an order of magnitude or more in some
cases.

To investigate the behavior of a homogeneous non-isothermal
medium, the emission mean temperature for a homogeneous
H,0/N, mixture with different partial pressures and temperature
is shown in Fig. 4(a-d). It can be readily observed that in the opti-
cally thin limit, the average temperature is a good approximation
for the mean emission temperature. When the optical thickness in-
creases, the mean emission temperature deviates significantly
from the average temperature. The corresponding difference in
the emission is shown in Fig. 5(a-d). In the highly non-isothermal
cases (T; =300 K, T, =2000 K or T; = 2000 K, T, = 300 K), the differ-
ence in the radiative emission is quite significant.

To illustrate the effect of different species concentration, the
emission mean temperature for an inhomogeneous H,0/CO,/N,
mixture with different partial pressures and temperature is shown
in Fig. 6(a-d). The first zone is taken to be a H,O/N, mixture with a
constant partial pressure of 1.0 kPa-m. The second zone is taken to
be a CO,/N, mixture with different partial pressures. It is interest-
ing to note that, for this type of mixture, the average temperature
is not a good approximation of the emission mean temperature at
any condition. As expected, in the limit of a large partial pressure
for CO, in the zone 2, the emission mean temperature approaches
the zone 2 temperature, T,. The influence of the zone 1 tempera-
ture on the emission mean temperature is stronger than that for
the case of a H,O/N, mixture (Fig. 4(a-d)), due to the decreasing
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Fig. 2. The emission mean temperature for an H,O/N, mixture with the partial pressure in zone 1 kept constant at Py,od; = 1.0 kPa-m. The average temperature (for

different T;) is plotted as broken lines in each figure for comparison.
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Fig. 3. The radiative heat flux emitted from an H,O/N, mixture with the partial pressure in zone 1 kept constant at Py,01d; = 1.0 kPa-m. The heat flux calculated based on the
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Fig. 4. The emission mean temperature for a homogeneous, non-isothermal H,O/N, mixture with different partial pressures. The average temperature is plotted as the
broken line in each figure for comparison.
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Fig. 5. The radiative heat flux emitted from a homogeneous and non-isothermal H,0/N, mixture with different partial pressure. The heat flux calculated based on the average
temperature (for different T;) is plotted as broken lines in each figure for comparison.

T LT, ()

mem (KD T, (K)

T

P d =1.0 kPa-m, P d =0 kPa-m,
€021 1

H201°1

P d_=0kPa-m,P d_=0.1 kPa-m,

2000

H202 2 co22 2
H,0/CO /N, Mixture

1500
1000 |
500
0 n L .
0 500 1000 1500 2000
T,(K)
(@)
P __.d =10kPa-m,P_  d =0KkPa-m,
H20,1 1 coz1 1
HZO,ZdZ =0 kPa-m, Pcoz,zdz =1.0 kPa-m,
HZOI(:E)ZIN2 Mixture
2000 T T T
_z
1500 -7
-
-
2000 K =
P
1000 | 1400 K -7 A
-
1000 K-~
500 - J— 4
mem
T,=300K e
0 L L L
0 500 1000 1500 2000
T, (K)
(®)

T KT, (€)

K), T (K

T
mem

P
H

P

2000

d_=1.0 kPa-m,

, P =0 kPa-m,
201 1 co2,

d_=0kPa-m,P d_=10 kPa-m,
W02 2 c022 2

H,0/CO /N, Mixture

1500

1000

500

0 L L L
0 500 1000 1500 2000
T, (K)
©
P __.d =10kPa-m,P_  d =0KkPa-m,
H20,1 1 coz1 1
H20‘2d2 =0 kPa-m, Pcoz.zdz =20 kPa-m,
H2OI(:OZIN2 Mixture
2000

1500

1000 |

500

500 1000 1500 2000
T, (K)

(d

Fig. 6. The emission mean temperature for an H,0/CO,/N, mixture with zone 1 being a H,O/N, mixture and zone 2 a CO,/N, mixture. The partial pressure in zone 1 kept

constant at Py,01d; = 1.0 kPa-m. The average temperature (for different T;) is plotted as broken lines in each figure for comparison.



264

Fig. 7. The radiative heat flux emitted from a H,0/CO,/N, mixture with zone 1 being a H,O/N, mixture and zone 2 a CO,/N, mixture. The partial pressure in zone 1 kept
constant at Py,01d; = 1.0 kPa-m. The heat flux calculated based on the average temperature (for different T;) is plotted as broken lines in each figure for comparison.
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Fig. 11. The transmissivity for a homogeneous and non-isothermal H,O/N, mixture at different partial pressure. The transmissivity calculated based on the average
temperature (for different T;) is plotted as broken lines in each figure for comparison.
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emissive power of CO,. The corresponding radiative emission for
the mixture is shown in Fig. 7(a-d).

In summary, the emission mean temperature depends strongly
on the mixture properties and temperature. In a simple two zone
system and in the limit of one zone having a much larger optical
thickness than the other, the emissive mean temperature ap-
proaches the temperature of the optically thick zone. Except for
an optically thin homogeneous mixture, the average temperature
is not a good approximation of the emissive mean temperature.
The use of an average temperature generally leads to significant er-
ror in the prediction of radiative emission from an inhomogeneous,
non-isothermal mixture.

3.2. The transmission mean temperature

The transmission mean temperature for a H,O/N, mixture at
difference mixture conditions with a source temperature T, of
1000 K is shown in Fig. 8(a-d). To show a higher effect of radiative
absorption, the H,O partial pressure in zone 1 is kept constant at
5.0 kPa-m. When the partial pressure of the absorbing gas in one
region is much higher than the other, the transmission mean tem-
perature takes on the value of the temperature of the region of the
higher pressure (T, for data in Fig. 8a and T for data in Fig. 8d). For
cases with the absorbing partial pressure of the two regions being
comparable (Fig. 8b and c), the transmission mean temperature
deviates from both zone temperature. The error of using average
temperature to calculate the transmissivity is substantial, as
shown in results presented in Fig. 9(a-d).

For transmission mean temperature for a homogenous H,O0/N,
mixture at difference partial pressure with a source temperature
Ts of 1000 K is shown in Fig. 10(a-d). Unlike the emission mean
temperature, the transmission mean temperature approaches the
average temperature in the optically thick limit. But in the case
of large temperature differences (T;=300K, T,=2000 K and
T, =2000 K, T, =300 K), the difference between the transmission
mean temperature and the average temperature is quite signifi-
cant. The difference of the corresponding transmissivities, as
shown in Fig. 11(a-d), is also quite large.

The transmission mean temperature for an inhomogeneous
H,0/CO,/N, mixture with different partial pressures and tempera-
ture is shown in Fig. 12(a-d) and the corresponding transmissivity
is shown in Fig. 13(a-d). It is interesting to note that the results do
not show any correlation with the two zone temperature or the
average temperature. The influence of the first zone temperature,
T,, on the transmissivity appears to become less significant as
the optical thickness of the second zone becomes large.

The effect of the source temperature on the transmission mean
temperature is shown in Fig. 14(a-d). It is interesting to note that
the source temperature has only a minimal effect on the transmis-
sion mean temperature, for both CO,/N, and H,0/N, mixtures. In
general, numerical data show that the transmission mean temper-
ature is largely independent of source temperature, provided that
the source temperature is in the range such that the emission
includes the relevant absorption bands of CO, and H,O. While
the source temperature can have some effect on the transmission
mean temperature when the emission is outside of the relevant
absorption bands, its effect of the calculation of transmissivity is
unimportant because the mixture is optically transparent and the
transmissivity is close to unity.

In summary, the transmission mean temperature for a gas
mixture is generally different from the emission mean tempera-
ture. When the optical thickness of one zone is significantly higher
than the second zone, the transmission mean temperature
approaches the temperature of the optically thick zone. The

average temperature is a good approximation of the transmission
mean temperature only for a homogenous optically thick medium
with small variation of temperature between the two zones. The
source temperature does not have a significant effect on the trans-
mission mean temperature.

4. Conclusion

The radiative heat transfer in an inhomogeneous, non-isother-
mal medium is shown to be effectively characterized by the con-
cept of an emission mean temperature and a transmission mean
temperature. Numerical data for the two mean temperatures are
tabulated for a two-zone inhomogeneous CO,/H,O0/N, mixture
using RADCAL and their dependence on the mixture properties is
illustrated. In general, the average zone temperatures is shown to
be ineffective in characterizing the radiative heat transfer and
can lead to significant error in the prediction of emission and trans-
missivity of an inhomogeneous, non-isothermal medium.

For practical application, these two mean temperatures should
be tabulated and made available for implementation in various
CFD codes with radiation solver. The access to these data can be
done efficiently and accurately with the development of a neural
network (trained by the numerical data) similar to the approach
used in reference [11]. This work is currently underway and results
will be presented in future publications.
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