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Introduction

T HE problem of radiative heat transfer in a layer of hot
molecular gases has been a long-standing topic in thermal

engineering and during the past several decades numerous
studies have been devoted to this subject. Almost all of the
earlier studies, however, were concerned with radiative transfer
in stationary isothermal or nonisothermal layers of infrared
gases, and less attention has been paid to radiative transfer in
temperature and concentration � uctuating media, which is of
particular importance in relation to quantitative predictions of
the amount of radiant energy from actual � ames or � res. Cox1

originally considered theoretical effects of temperature � uc-
tuating � ames on radiative heat transfer utilizing a gray gas
model and concluded that a turbulent � ame behaves as if it
was a laminar � ame of high mean temperature, but the quan-
titative evaluation of these effects was not made. Since Cox’s
work,1 experimental and theoretical studies of radiative trans-
ports from turbulent � ames have been performed by several
researchers,2– 4 and it was shown that temperature � uctuations
can increase spectral emerging intensities of radiation up to
almost two times higher than predictions based on mean scalar
� elds.2 Despite these studies, it has not yet been quantitatively
understood how the fundamental system parameters, such as
the temperature variance, total and partial gas pressures, path
length, and mean temperature, affect the total radiant intensity
emerging from temperature-� uctuating infrared gases.

The purpose of the present study is to remedy this de� -
ciency. To this end, the total emissivities of carbon dioxide,
water vapor, or their mixture are quantitatively evaluated by
varying the previously mentioned parameters.

Analysis
The following assumptions are introduced:
1) Temperature at any location in a molecular gas layer of

thickness L (m) is a random function of time, and this instan-
taneous temperature T (K) may be written in the form

¯T = T 1 T 9 (1)

where T̄ represents the time-averaged value of temperature and
T 9 is the � uctuating component ( = 0).T 9

2) T̄ and are constant throughout the layer.2T 9
3) The instantaneous blackbody intensity Ibn (T ) is expanded

into the Taylor series around T̄ 4,5:

2­I 1 ­ Ibn bn2¯I (T ) = I (T ) 1 T 9 1 T 9 ? ? ? (2)bn bn U U2­T 2 ­T¯ ¯T=T T=T

Received Aug. 14, 1995; revision received June 21, 1995; accepted
for publication Jan. 6, 1997. Copyright Q 1997 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved.

*Professor, High-Temperature Heat Transfer Laboratory, Depart-
ment of Production Systems Engineering, Dannoharu 700. Member
AIAA.

4) The � uctuation of the absorption coef� cient caused by
temperature � uctuation is neglected in comparison with that of
the blackbody intensity.5

5) Concentration � uctuation is disregarded.
Under these assumptions, the instantaneous radiant intensity

normally emerging from a plane– parallel, homogeneous layer
of molecular gases bounded by a vacuum is written in the form

L y9

I = k (y9)I (y9)exp 2 k ( y 0) dy 0 dy9en n bn nE F E G
0 0

L

¯ ¯= k (T ) I [T( y9)]exp[2k (T )y9] dy9 (3)n bn nE
0

where kn denotes the spectral absorption coef� cient (m21).
Time-averaging Eq. (3) yields

21 ­ Ibn2¯ ¯ ¯I = I (T ) 1 T 9 1 ? ? ? [1 2 exp(2k (T )L)]en bn nF U G22! ­T ¯T=T

(4)

The total emerging intensity from the layer is given by

`

¯ ¯I = I dn (5)e enE
0

With these quantities, the total normal emissivity of a temper-
ature-� uctuating gas layer «T, which is hereafter called the total
emissivity, for abbreviation, is de� ned as follows:

4¯sT¯« = IT eYS Dp
` 2 4T 9 T 9(1) (3) (5)¯ ¯ ¯= G (T ) 1 6 G (T ) 1 G (T ) 1 ? ? ?n n nE F S D S D G2 4¯ ¯T T0

3 [1 2 exp(2t )] dn0n (6)

where

4¯sT(1) ¯t = k L, G = I (T )0n n n bn YS Dp

2 2 4¯­ I 12sT ­ I 24sbn bn(3) (5)G = , G =n nU YS D U YS D2 4­T p ­T p¯ ¯T=T T=T

From this de� nition, the quantity «T can be greater than unity.
If the temperature � uctuation T 9 obeys a Gaussian distribution6

and the Taylor series expansion of the blackbody intensity
is summed up to the term of , then = and4 4 2 2T 9 T 9 3(T 9 )
the following expression results:

`

(1) 2 (3) 4 (5)¯ ¯ ¯« = [G (T ) 1 6a G (T ) 1 3a G (T )][1 2 exp(2t )] dnT n n n 0nE
0

(7)

where a represents a measure of the intensity of the � uctuating
component of temperature and is de� ned by 2 ¯T /T.Ï 9

For a # 0.3, the relative contribution of the third term of
the right-hand side (RHS) of Eq. (7) to «T is less than 1.6%,
and thus, Eq. (7) is accurately approximated by

(1) 2 (2)¯ ¯« = « (T ) 1 6a « (T ) (8)T s s
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Fig. 1 Total emissivity of temperature-� uctuating carbon dioxide
at a total pressure of 1 bar and 0 partial pressure.

Fig. 2 Total emissivity of temperature-� uctuating water vapor at
a total pressure of 1 bar and 0 partial pressure.

where

`

(1) (1)¯ ¯« (T ) = G (T )[1 2 exp(2t )] dn (9)s n 0nE
0

`

(2) (3)¯ ¯« (T ) = G (T )[1 2 exp(2t )] dn (10)s n 0nE
0

Note that denotes the conventional total emissivity of an(1)« s

isothermal gas layer with temperature T̄ and that and(1) (2)« «s s

are independent of a. The second term of the RHS of Eq. (8)
represents the effect of temperature � uctuation on the total
emissivity. On the basis of the mass absorption coef� cient kn

(1/g m2 2), the optical thickness t0n is written as

5 ¯t = k L = 10 (P L)k /RT (11)0n n a n

where PaL denotes the pressure-path length product (bar m)
and R is the gas constant (kJ/kg K). kn is evaluated utilizing
the two-parameter wideband spectral model7:

k = (z/K v)exp[2Dn/K v]tanh K h (12)n 1 1 2

Here, z is the integrated band intensity (cm2 1/g m2 2), v is the
bandwidth parameter (cm21), h is the line-overlap parameter,
K1 and K2 are the correction parameters, and Dn = nu 2 n for
an asymmetric band with upper limit nu, Dn = n 2 nl for an
asymmetric band with lower limit nl, and Dn = 2 un 2 ncu for
a symmetric band with center nc. n is the wave number of
radiation (cm21). The total emissivities of carbon dioxide, wa-
ter vapor, or their mixture are computed from Eqs. (8– 10) by
varying the system parameters in the following ranges:

1 # P # 10 bar, 0 # P /P (=x) # 1T a T

0.001 # P L # 10 bar ma

¯250 # T # 3000 K, 0 # a # 0.3

Here, PT represents the total pressure. The wave-number in-
tegrals appearing in Eqs. (9) and (10) are computed numeri-
cally with the aid of a trapezoidal formula in the range of n
from 0 to 8500 cm2 1. A subinterval for the integration was
taken to be 25 cm2 1. To check the accuracy of the integration,
several results for the total emissivity are compared with the
more accurate results obtained by a subinterval of 12.5 cm2 1.
The comparison showed that the present results are 1.6%
smaller, in the worst case, than the more accurate results. The
necessary wideband model parameters are taken from Ref. 8.

Results and Discussion
Figure 1 shows the total emissivities of carbon dioxide lay-

ers at PT = 1 (bar) and Pa ® 0 (bar). When the mean gas
temperature is less than about 1500 K, the total emissivity
increases with a over the range of pressure-path length prod-
ucts examined: the total emissivity for a = 0.3 can be as high
as almost twice that for a = 0. For T̄ greater than about 1500
K, the total emissivity is weakly affected by a, regardless of
the value of PaL.

Results for the total emissivities of water vapor are shown
in Fig. 2 for PT = 1 bar. As seen from this � gure, the effect of
a on the total emissivity diminishes with a decrease in a PaL
or with an increase in T̄.

Figure 3 shows the total emissivities of a carbon dioxide
and water vapor mixture at Pc = Pw = 0.1013 bar and PT =
1.013 bar. Here, Pc and Pw, respectively, represent the partial
pressures of carbon dioxide and water vapor. When T̄ is less
than about 1500 K, the total emissivity of the mixture increases
with a, even at a small PaL. This is because of the presence
of carbon dioxide.

The results presented here are fully consistent with the pre-
viously reported fact2– 4 that even when an appreciable increase
in spectral radiant intensity that is attributable to the effect of
temperature � uctuations within a turbulent � ame is observed
in several wavelength regions, the total radiative heat � uxes
from the � ame are less in� uenced by this effect and thus can
be predicted based on mean scalar � elds with an acceptable
accuracy. However, it should be noted that, in practical high-
temperature applications where the large pressure variance can
occur together with the temperature � uctuation, the total emis-


