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Abstract—Nongrey gas radiation analyses were conducted using the statistical narrow-band model and
four implementation methods: the exact or the correlated formulation, the noncorrelated expression, grey-
band approximation based on global absorption coefficient, and a new approximate method. The new
method is also a grey-band approximation but utilizes the local absorption coefficient. Using results of the
correlated formulation as benchmark solution, accuracy of the three approximate narrow-band implemen-
tation methods was investigated for several one-dimensional non-grey gas radiation problems in parallel
plate enclosure containing radiating gases of both uniform and non-uniform temperatures and/or con-
centrations. Radiative source term and wall heat flux predicted by the noncorrelated expression and the
new method are in very close agreement with each other and in fair to good agreement to benchmark
solutions. Radiative source term calculated from the grey-band approximation based on global absorption
coefficient is in serious error. CPU time saving of two orders of magnitude can be achieved by using the
three approximate implementation methods, relative to the correlated formulation. The new method
provides slightly better accuracy than the noncorrelated approach with additional advantages that an
arbitrary solution method can be employed and less CPU time is required. © 1998 National Research
Council of Canada. Published by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Radiative heat transfer is an important, often domi-
nant, heat transfer mechanism in combustion systems
such as furnaces, combustors, and large-scale jet
flames. It has significant effects on chemical kinetics
and flame structure through its direct impact on tem-
perature and can cause flame extinction under certain
conditions. It has been made clear that the flam-
mability limit of a combustible mixture is fun-
damentally determined by radiative heat loss [1-4].
Moreover, recent studies on stretched flames found
that multiple flame regimes [5] and flame bifurcations
[6] can be induced through the effects of radiation and
stretch. Therefore, there is a crucial need to ascertain
how radiation reabsorption and non-grey radiation
properties affect these phenomena [7].

The strong spectral dependency of radiative pro-
perties of radiating gases render the simple grey gas
approximation or the optically thin assumption un-
acceptable if the quantitative effects of thermal radi-
ation are to be evaluated. On the other hand, the line-
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by-line calculation, which is the exact treatment of
spectral gas radiation, requires enormous computing
time and is therefore impractical for routine gas radi-
ation analyses, even for one dimensional problems.
As a consequence, narrow-band models are favoured
as the standard for evaluation of other approximate
radiative property models when line-by-line (LBL)
calculations are infeasible [8]. The correlated-k
method [9, 10] provides an intermediate alternative
between LBL and narrow-band models [11]. Direct
application of the correlated-k method to obtain total
radiative quantities requires a quadrature over the
absorption cross-section for each narrow-band, fol-
lowed by a quadrature over all the bands. Therefore,
the correlated-k method is more computationally
demanding than a narrow-band model. More recently,
Denison and Webb [12-15] developed a spectral line
based weighted-sum-of-grey-gases (SLWSGG) model
applicable to non-isothermal and inhomogeneous gas
mixtures. This model offers the advantages of accu-
racy and computational efficiency as far as the calcu-
lation of total radiative quantities is concerned. The
SLWSGG model has been implemented into a general
radiation simulation program [16]. It is worth noting
that both the correlated-k and the SLWSGG models
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NOMENCLATURE

f species molar fraction Py mean half-width of an absorption line
I radiation intensity [W/m? sr] [em™1]
1, spectral radiation intensity 0, equivalent line spacing [cm™']

[W/m? sr cm™'] Av  wavenumber interval [cm™!]
k, mean line-intensity to spacing ratio £, wall surface emissivity

[cm~!atm™] R, narrow-band averaged absorption

In local mean pathlength [m]
separation distance between parallel
walls [m]

L,  global mean pathlength [m]

A unit normal vector of a wall surface

P pressure [atm]

q heat flux density [kW/m?]

S, source term due to radiative transfer
(kW/m’]

s, s position variables [m]

T temperature [K]

W, weight function associated with the nth

direction
x Cartesian coordinates [m].
Greek symbols
s mean line-width to spacing ratio

coefficient [m~']
Kp Planck mean absorption coefficient
[m™']

v wavenumber [cm™']

u direction cosines

c Stefan—Boltzmann constant

7, spectral transmittance

Q direction or solid angle [sr].
Subscripts

b blackbody

i spatial discretisation (along a line of

sight) index

n angular discretisation index

w wall

v spectral.

are compatible with the standard radiative transfer
equation. As a result, they can be used with an arbi-
trary solution technique. Among narrow-band models
developed in the literature, the statistical narrow-band
(SNB) model with an exponential-tailed inverse line-
strength distribution has been extensively validated
with band parameters reported by Soufiani and Taine
and co-workers [17-20]. The SNB model has been
widely adopted in recent years and is used in the
present non-grey gas radiation analyses.

Although the SNB model is an attractive choice in
non-grey gas radiation analysss, implementation of
this model leads to a narrow-band averaged radiative
transfer equation (RTE) which is difficult and com-
putationally inefficient to solve due to three reasons.
First, the narrow-band averaged RTE has to be dis-
cretized along a line of sight since the SNB model
provides narrow-band transmittance, which is path
dependent, instead of path independent absorption
coefficient. Solution of this equation in multi-dimen-
sions requires a ray-tracing technique [11, 21]. The
popular discrete-ordinates method (DOM), which has
been extensively developed in recent years, cannot be
applied without approximation. Secondly, the cor-
relation between spectral abscrption coefficient and
radiation intensity must be accounted for, since the
narrow-band averaged transraittance of the SNB
model does not obey Beer’s law [11]. This procedure
involves calculations of many more transmittances
(length scales) along each direction [22]. And thirdly,

the Curtis—Godson approximation is required to
obtain equivalent band parameters in nonisothermal
and/or inhomogeneous media, which requires three
integrals to be evaluated for each pathlength. The
second and third factors considerably increase the
computing effort of this exact implementation method
of the SNB model. In addition, it will be shown in
this paper that the computing time of this correlated
method increases very rapidly with the number of
grids used in the calculation. It is therefore evident
that application of this correlated implementation
method of the SNB model to multidimensional com-
bustion modelling is impractical, although Daguse ez
al. [3] have reported such an application in modelling
a one-dimensional counterflow flame using a CRAY
supercomputer. In order to make SNB calculations
practical in routine non-grey gas radiation analyses
on a workstation type computer, approximate
implementation methods of the SNB model are desir-
able, even with the loss of some accuracy.

Two approximate methods for implementing the
SNB model have been proposed. Kim er al. [22]
employed the grey-band approximation (also called
picket-fence method) with the equivalent narrow-
band averaged absorption coefficient estimated based
on global properties. Their results showed that this
grey-band approximation predicts accurate wall heat
flux, but a very poor radiative source term, which is
more important in combustion and flame calculations
than wall heat flux since it is required by the energy
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equation. De Miranda and Sacadura [23] proposed a
noncorrelated expression for radiation intensity vari-
ation along a line of sight. This expression is the same
as that for spectral or grey radiation intensity, since
the derivation is essentially based on Beer’s law [24]
which is valid for spectral or grey transmittance but
not for the narrow-band averaged one. This is the
origin of error when using this noncorrelated
expression in non-grey radiation analyses. Although
De Miranda and Sacadura [23] showed that this
expression is an acceptable compromise between accu-
racy and computational efficiency based on their
initial evaluation study, it requires further assessment,
especially in multidimensions. In addition, it suffers
the first difficulty of the exact implementation method
mentioned earlier as the expression still utilizes trans-
mittance and this restricts the choice of solution
method. From a solution point of view, the grey-band
approximation is preferred compared to the non-
correlated expression since an arbitrary solution tech-
nique, such as DOM, can be readily used in multi-
dimensions.

A new grey-band approximation method for
implementing the SNB model is proposed in this work.
The proposed grey-band approximation is novel in
that the narrow-band averaged absorption coefficient
is estimated using the local properties, rather than
global ones as used by Kim ez al. [22]. It was derived
from the noncorrelated expression proposed by De
Miranda and Sacadura [23] and Beer’s law. The pur-
pose of developing this grey-band approximation is to
maintain the advantage of grey-band approximation
used by Kim et al. [22] and improve its accuracy.

The accuracy of the three approximate implemen-
tation methods of the SNB model outlined above was
evaluated for four one-dimensional problems having
different distributions of gas temperature and/or con-
centrations of radiating gases. Evaluation of these
approximate implementation methods in multi-
dimensions will be the objective of a future study. The
correlated and noncorrelated narrow-band averaged
RTEs were solved using a ray-tracing method
described by Liu [21]. RTEs associated with the two
grey-band approximations were solved using DOM
[25]. Results obtained from the correlated formulation
serve as the benchmark solution in the evaluation of
the three approximate implementation methods of the
SNB model. A quantitative comparison of CPU time
required by the four implementation methods was
made for different grid numbers to investigate their
computational efficiency and the growth rate of CPU
time with grid number.

2. FORMULATION

2.1. Correlated narrow-band formulation
The spectral RTE in absorbing and emitting media
is written as [26]
8

Y —Kalev+xm'[bv' (l)
s
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The boundary spectral radiation intensity 7,(s,,, Q) at
a diffuse wall is

1—¢,
Iv(sw7 Q) = valbwv+ E—E‘QJ
i1 o

x|A- Q| (s,, Q)dQ, for A-Q >0. (2)

When a narrow-band model (the SNB model in the
present study) is used to provide the gas radiative
properties, equation (1) must be averaged over a nar-
row-band to yield band averaged radiation intensity.
The narrow-band averaged RTE has been presented
by Kim et al. [22] for high-emissivity walls and by
Menart et al. [27] for reflective walls. The present
study focuses on problems having high-emissivity
walls. Following Kim et al. [22], the narrow-band
averaged RTE is written as

3l (s, Q) NGEGED) -
os ( os’ >S.=Slt'”(s)

i,
+ va(sws Q) a [fv(sw - S)]

20 (o1,( = )\: . .,
+£ 5}(—6;]_>Ibv(~9)ds- 3)

w

The discretized form of equation (3) along a line of
sight is given as [22]

L1 =L+ (0 =T, imie Moiv12+Conivi2

“
where
Cv.n,i+ 12 = _wv,n,l (fv.n. 1—it1 fv,n, 1 -i)
i—1
+ Z [(fv.n<k+ 1=i+1 7 fv,n,k+ 1 —ﬂ')
k=1
- (fv,n,kﬂH- | fv,n,k-»i)]ibv,k+ 1/2 (5)

and the spatial discretisation index i = 1 corresponds
to the wall. In this correlated formulation, the narrow-
band averaged radiation intensity at s, , depends not
only on the local properties (Z,,;7,,is1, and
I,,.:512), but also on properties between s, and s,. This
may be referred to as ‘history” effects and it greatly
increases the computing effort. The Curtis—Godson
approximation is commonly used to obtain equivalent
band parameters in nonisothermal and/or inhomo-
geneous media [20, 22].

The boundary condition for narrow-band averaged
non-grey radiation intensity takes a similar form as
equation (2).

Once the non-grey radiation intensity field is
obtained, the total net radiative flux is calculated as

q(x;) = ‘Z ( Z} uiv_,,,,-w,,> Av ©6)

The radiative source term .S, is then obtained from
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d —a
S (xiy 1/2) = — d—i = — _ZL_Z %)
Xit1 i

2.2. Noncorrelated narrow-band formulation
Starting from equation (4) and using the following
noncorrelated relationship

i1
Tomtai = H Tonk—sk+1s (8)
k=1

De Miranda and Sacadura [23] obtained the recursive
form of the narrow-band averaged RTE

Iv,n,i+| hd iv,n.ifv,n.i—-i+l +Ibz.r+ 1/2(l —Tynisit 1)- (9)

It is worth noting that this noncorrelated formulation
is the same as the discretized RTE in integral form
for spectral or grey radiation intensity as a direct
consequence of using equation (8). In essence, equa-
tion (8) is based on Beer’s law [24] which is valid for
spectral or grey quantities. Unfortunately, the band
averaged transmittance provided by the SNB model
does not obey this law (see equation (16) below).
Therefore, application of equztion (9) to non-grey gas
radiation analyses using the SNB model inevitably
causes errors. On the other hand, the computing cost
is significantly reduced using this noncorrelated for-
mulation since radiation intensity at s, , is only depen-
dent on local properties and the Curtis-Godson
approximation is no longer needed [23].

2.3. Grey-band formulation
For grey-band calculations, the following form of
equation (1) is solved [22, 28]

aiv(;s’ D Ol D+ RO,

(10)

Kim et al. [22] and Fiveland and Jamaluddin [28]
obtained the equivalent narrow-band averaged
absorption coefficient based on global properties,

1 Int,(L,
ﬁv(s)=BJ k:vdvz—%(——)
Av m

where the mean beam-lengta of the parallel plate
enclosure is calculated as L, = 1.8L [29]. This for-
mulation results in an equivalent global narrow-band
averaged absorption coefficient, i.e. it is a function of
wavenumber but not spatial position. For non-
isothermal and/or inhomogeneous systems, the
Curtis—-Godson approximation is used in the cal-
culation of 7,(L,) [22]. It can be easily anticipated
that extension of this formulation to multidimensions
requires further ad hoc assumptions since the defi-
nition of an equivalent %#,(L,) in multidimensions is
not straightforward.

An alternative and more sound method for esti-
mating the narrow-band averaged absorption
coefficient is proposed here. This alternative grey-
band method again makes use of Beers’ law. Starting

(an
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from the noncorrelated narrow-band expression,
equation (9), and Beer’s law

Typimis1 = EXp(—K,05)

(12)
one obtains

Iv‘n,i+ 1

= Tv,n.i exp( - Rvés) +ibv,i+ 1/2 (1 - exp( - ’evés))
13

where ds is the pathlength between s; and s, ,.
Rearranging equation (13) leads to equation (10).
This analysis indicates that the equivalent narrow-
band averaged absorption coefficient should be cal-
culated as

~x iv.n,i(l —R,05) +7bv,i+ 12 R,08

In%, i
R, = 55 . (14)
However, this formulation yields a path dependent
narrow-band averaged absorption coefficient which is
of little use in view of the purpose of formulating a
path independent absorption coefficient. An equiv-
alent path independent narrow-band averaged local
absorption coefficient can be obtained using the mean
pathlength of the gas layer under consideration
(between x; and x;, ;)

Int,(/)

I (15)

RXip12) = —
where [, = 1.8(x;, , —x;) is the local mean pathlength.
Since 7,(/,,) and [, are local properties of a gas layer
(or a control volume in multi-dimensions), this for-
mulation in general yields spatially varying narrow-
band average absorption coefficient. It is expected that
the grey-band approximation along with this local
absorption coefficient is able to capture characteristics
of non-grey radiation encountered in nonisothermal
and inhomogeneous media since the local conditions
are incorporated into the model. In addition, exten-
sion of equation (15) to multidimensions is straight-
forward since the local properties are well defined.

2.4. The statistical narrow-band model

In the SNB model, the narrow-band averaged trans-
mittance for an isothermal and homogeneous path
|s” — s| is given as [30]

(16)

where the average line-width to spacing ratio is given
as B, = 2n7,/5,. The SNB model has been extensively
validated and used in non-grey gas radiation cal-
culations {17-20, 22]. The mean narrow-band par-
ameters &,, 7,, and 1/8, for H,O and CO, in the tem-
perature range of 300-1500 K have been reported by
Hartmann et /. [17], Soufiani et a/. [18], and Zhang et
al. [19] based on line-by-line calculations An updated
data set of the SNB model parameters has been
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recently made available by Soufiani and Taine [20] for
CO,, H,0 and CO and for a much wider temperature
range of 300-2900 K. This new data set is for a 25
cm™~' wavenumber resolution in the entire wave-
number range. Further details of this data set can be
found in ref. [20]. This new data set was provided by
Soufiani [31] and used in the present non-grey gas
radiation analyses.

3. RESULTS AND DISCUSSION

The correlated and noncorrelated narrow-band
averaged RTEs, equations (4) and (9), were solved
using a ray-tracing method described in ref. [21]. The
grey-band RTE, equation (10), was solved using
DOM along with the diamond (central) spatial diff-
erencing scheme [25]. The SNB model with the
updated data set was used in all the calculations for
obtaining the narrow-band averaged transmittance
and global and local grey-band absorption
coefficients.

Numerical calculations were performed for four test
cases. In all four cases, the wall surfaces were assumed
to be black and the medium was at a uniform pressure
of 1 atm. In the first case, the medium bounded by the
two parallel plates is pure water vapour at a uniform
temperature of 1000 K. The two bounding walls are
cold (at 0 K). Two separation distances, L = 0.1 m
and 1 m, were considered in this case. The input par-
ameters of the second case are the same as the first
one except that the medium now is a mixture of N,
and H,O with a parabolic H,O concentration profile
given by fi o = 4(1 —x/L)x/L and the separation dis-
tances is L = 1 m. In the third case, the medium is
again pure H,O with a boundary layer type tem-
perature distribution [22]. The left wall is hot at 1500
K and the right wall is cold at 300 K. The separation
distance is L = 0.2 m. These three test cases provide
good testbeds to evaluate separately the effects of
pathlength and gas temperature and concentration
distributions on the results and have been previously
chosen as test cases by Kim ez al. [22], Liu and Tiwari
[32], De Miranda and Sacadura [23], and Denison and
Webb [12] using different solution methods and/or
radiative property models. The fourth case considered
is a typical configuration of temperature and CO,
and H,O concentration distributions encountered in
a counterflow methane—air diffusion flame. The sep-
aration distance is 0.5 m and two bounding walls are

0.5

T/5000

1 ad "

Temperature or species molar fraction

X, m
Fig. 1. Temperature and species concentration distributions
of a simulated counterflow methane/air diffusion flame.

at 300 K. The medium is assumed to contain a mixture
of N, CO,, and H,O. The distribution of temperature
and radiating gas concentrations is shown in Fig. 1.
These conditions correspond to a thick flame which is
of primary interest since for a thin flame the optically
thin limit is approached. Characteristics of the four
test cases are summarised in Table 1.

For all the four test cases, the one-dimensional par-
allel plate enclosure was divided into 20 uniform gas
layers. Angular discretisation in all the four test cases
was achieved using the 73 quadrature set [33]. This
angular discretisation was validated as adequate, i.e.
further refinement does not significantly alter the
numerical results.

For convenience of discussion, the correlated for-
mulation, the noncorrelated formulation, grey-band
approximations using the global and local absorption
coefficients will be named Methods I, II, II], and IV,
respectively, as summarised in Table 2. Results of
Method I are used as the benchmark solution to check -
the accuracy of the three approximate methods.

Figures 2 and 3 show the predicted radiative source
distributions for the first test case with separation
distances of 0.1 m and 1 m, respectively. A direct
comparison between the results obtained from
Methods I and III and those reported by Kim ez al.

Table 1. Summary of the four test cases

Case Species concentration profile Temperature profile L [m]

1 Pure water vapour Uniform 0.1 and 1
2 Parabolic H,O profile Uniform 1

3 Pure water vapour Boundary layer type 0.2

4 Simulated diffusion flame Simulated diffusion flame 0.5
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Table 2. Summary of the formulations for the four implementation methods

Grey-band approximation, equation (10) with global &, from equation (11).
Grey-band approximation, equation (10) with local &, from equation (15).

slightly better, compared to the results of Method I,
in the middle of the enclosure and slightly worse near
the walls. This is indeed expected since Method IV
was derived from Method II and both methods made
use of Beer’s law.

For the smaller separation distance, Fig. 2,
Methods II and IV underpredict the radiative source
everywhere, especially in the middle of the enclosure.
However, these two methods qualitatively predict the
sharp variation of the radiative source distribution.
Method III underpredicts the radiative source in the
middle of the enclosure and greatly overpredicts it
near the walls, i.e. this method gives flattened radiative
source distribution. Kim ez al. [22] attributed the poor
performance of Method III to the step change between
the wall and gas temperatures. However, it is believed
that the failure of this method lies in the fact that

Method 1 Correlated formulation, equation (4).
Method 11 Noncorrelated formulation, equation (9).
Method 11
Method IV

-200

1 —

2504 Sl

s00d ./ T
- .- / \\
£
E -350 T,=T,=0 .
.5. g, =g, =1.0
g -400 L=01m

-450 / —— correlated narrow-band

--— noncorrelated narrow-band
------ global ebsorption coeff.
-500 f — -~ local absorption coeff. }
-550 T T T T -
0.00 0.02 0.04 0.06 0.08 0.10
¥, m

Fig. 2. Distribution of the predicted radiative source term
for the uniform temperature profile: L = 0.1 m.

1]
-50 4
™ N
E 100"
a;t £,=6=10
¥ L=10m
g -150 4
] —— correlated narrow-band
— — noncorrelated namrow-band
2004f global absorption coeff.
— -~ local absorption coeff.
“250 +————1————
0.0 0.2 0.4 0.6 0.8 1.0

X, m
Fig. 3. Distribution of the predicted radiative source term
for the uniform temperature profile: L = 1 m.

{22] was not made since they used the older data set
of the SNB model parameters published by Hartmann
et al. [17] and Soufiani et al. |18]. However, the present
results from these two methods are very close to those
of Kim et al.

Results obtained from Mzthods II and 1V are very
close to each other with the results of Method 1V

equation (11) more severely underpredicts the equi-
valent absorption coefficient than equation (15) in this
test case containing an isothermal and homogeneous
medium. The radiative source distribution approaches
a uniform profile, — k0T, in the optically thin limit.

For the larger separation distance, Fig. 3, Methods
II and IV predict quite accurate radiative source dis-
tribution compared to the smaller separation distance
case, Fig. 2. These results indicate that the ‘history’
effect is less significant in isothermal, homogeneous,
and longer pathlength media. Again Method III pre-
dicts flattened radiative source distribution for the
reason mentioned above.

The grid dependence of the numerical results of
Method IV was investigated for case 1 with larger
separation distance (L = 1 m). The results are shown
in Fig. 4. The use of five uniform gas layers results in
nonphysical radiative source distribution. This can
be attributed to the use of the diamond differencing
scheme of DOM. It is well known that the diamond
scheme yields oscillations in the intensity field when
coarse grids are used. These nonphysical oscillations
can be eliminated by using finer grids in one-dimen-
sion, which is evident in the results of Fig. 4. Figure 4
shows that the numerical results achieve grid inde-
pendence rapidly as the number of gas layers increases
and the use of 20 uniform gas layers is adequate.

Figure 5 shows the radiative source distribution
predicted by the four methods for the second test case.
Results of Methods II and IV are again very close
to each other and in qualitative agreement with the
benchmark solution, i.e. they correctly predict the ‘w’
shaped radiative source distribution revealed by
Method 1. The physical justification for the existence
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0
-50 4
- -100
E
z
. -150 +
X
R
o
?
-200 — - S gas layers
10 gas layers
— — 20 gas layers
2250 4 —— 40 gas layers
-300 T - T T T
0.0 0.2 04 06 08 1.0

X, m

Fig. 4. Dependence of the numerical results of Method IV on

the number of uniform gas layer for the uniform temperature
profile: L = 1 m.

-—— correlated narrow-band

— — noncorrelated narrow-band
global absorption coeff.
-—-- local absorption coeff.

-dagfdx, kWim®

0.0 0.2 0.4 0.6 0.8 1.0

X, m
Fig. 5. Distribution of the predicted radiative source term
for the parabolic H,O concentration profile.

of the ‘w’ shape in the radiative source distribution has
been discussed by Kim et al. [22]. Errors of Methods 11
and IV are largest at the two valleys of the ‘w’ shape
by as much as 27%. Method I1I fails to predict the ‘w’
shaped radiative source distribution exhibited from
results of the other three methods. In fact, results of
Method III are qualitatively similar to those for an
isothermal and homogeneous medium shown in Figs.
2 and 3. This is also expected since Method I1I utilizes
a spatially uniform absorption coefficient which cer-
tainly cannot capture any effects due to concentration
distribution. Note that the temperature in this case is
uniform.

The predicted radiative source distributions for

2233
1200
N ~——— correlated narrow-band
1000 — — noncorrelated narrow-band
------ global absorption coeff.
800 - \ —-- local absorption coeff.
“g 600 - \
3
> 400 -
L
0 - T,=1500K, T,=300K
€,7g,=10
-200 - L=02m
-400 T — J
0.00 0.05 0.10 0.15 020
X, m

Fig. 6. Distribution of the predicted radiative source term
for the boundary layer type temperature profile.

400

200 A

E ] g T,=T,=300K
= .
5 -400 Y g =g =10
- 1 L=0.5m
g 800 - .

e correlated narrow-band
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Fig. 7. Distribution of the predicted radiative source term
for the simulated counterflow CH,/air diffusion flame case.

pure H,O with a boundary layer type temperature
variation (the third test case) are shown in Fig. 6.
Results of Method II and IV are again in excellent
agreement with each other. These two methods over-
predict the radiative source term by about 16% at the
peak of the curve. Method III fails to predict the sharp
rise of the radiative source term near the hot wall and
overpredicts it near the cold wall, as the consequence
of using a global absorption coefficient.

Results for the simulated counterflow diffusion
flame case are shown in Fig. 7. Results of Methods II
and IV are almost identical and in good agreement
with the result of Method I. Again, Method III cannot
predict the deep valley in the radiative source dis-
tribution.

Numerical calculations were also performed by a
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Table 3. Comparison of predicted net heat fluxes at the left wall (kW/m?*

Test case Method I Method I  Method III  Method IV
Casel,L=0.1m —14.2 —17.6 —14.1 —-17.6
Casel,L="m —-303 —34.0 —299 —-34.0
Case 2 —-27.0 —31.2 —26.6 —31.1
Case 3 271.5 270.9 272.8 270.7
Case 4 —30.5 —349 —17.9 —34.8

Table 4. CPU time (seconds) consumed by four implementation methods of the
SNB model in one-dimensional non-grey gas radiative transfer analyses

Grid number Method I Method 11 Method III Method IV
10 7.880 0.374 0.143 0.155
20 36.193 0.731 0.270 0.295
30 91.804 1.037 0.392 0.435
40 180.922 1.341 0.515 0.573
50 310.355 1.647 0.640 0.712
80 1009.226 2.563 1.102 1.130

thinner flame using similar temperature and species
distributions given in Fig. 1 but nonuniform grid with
smaller grids around the flame (x = 0.14 m). Results
of these calculations are qualitatively similar to those
shown in Fig. 7 and can be briefly summarised as: (1)
results of Methods I and IV are identical, (2) results
of Methods II and IV are in even better agreement
with the benchmark solution, (3) the radiative source
term at the flame is much ‘ower than that shown
in Fig. 7, (4) Method 111 yields even more flattened
radiative source distribution. These observations are
the expected trends. For a very thin flame, the radi-
ative source term from Methods I, I, and IV correctly
approaches the optically thin limit, —x,¢7", while
Method III predicts a uniform radiative source term
of zero everywhere since the globally averaged absorp-
tion coefficient &, approaches zero in the limit of a
flame sheet.

Numerical results from this test case reveal that
Methods II and IV predict fairly accurate radiative
source term under conditions found in a typical coun-
terflow diffusion flame. These methods can therefore
be used in one-dimensional diffusion flame modelling
with confidence.

Results from test cases containing nonisothermal
and/or inhomogeneous media (Figs. 5-7) indicate that
the correlation term in the correlated formulation tend
to attenuate peaks and valleys in the radiative source
distribution, i.e. it has smoothing effects compared to
the noncorrelated formulation.

The predicted net heat fluxes at the left wall for the
four tests cases are compared in Table 3. Wall heat
fluxes predicted by Methods II and IV are almost the
same for all the cases. Method III predicts better wall

heat flux than the other two approximate methods,
especially for the first two test cases ; however, it pre-
dicts less accurate wall heat flux in the third and fourth
cases, especially the fourth case. These results show
that Method III predicts accurate wall heat fluxes for
isothermal and homogeneous media, but less accurate
for nonisothermal and inhomogeneous media. In fact,
Method III should predict accurate wall heat flux, but
not internal heat flux (or the radiative source term),
for isothermal and homogeneous media since the grey-
band absorption coefficient is formulated in terms of
the mean pathlength of the enclosure.

Numerical calculations were also performed for
different grid numbers using the four implementation
methods to investigate their computational efficiency
and the growth rate of CPU time with grid number.
The results are summarised in Table 4. These cal-
culations were conducted on a SGI Power Challenge
(Model L) workstation. The correlated formulation
requires two orders of magnitude more CPU time
than the three approximate methods. In addition, the
CPU time required by this method increases approxi-
mately with N?* (N is the grid number used in the
calculation). The noncorrelated formulation requires
about twice CPU time as the two grey-band approxi-
mations. CPU time of the three approximate methods
grows with a sub-linear rate. Therefore more CPU
time is saved using the three approximate methods
when a large number of grids is required in the cal-
culation.

4. CONCLUSIONS

An alternative grey-band approximation was pro-
posed for implementing the statistical narrow-band
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model in non-grey gas radiative transfer analyses. This
grey-band approximation was derived from the non-
correlated formulation along with Beer’s law. Theor-
etical analyses showed that the equivalent narrow-
band absorption coefficient of the grey-band approxi-
mation method should be calculated using the local
properties rather than global ones.

Non-grey gas radiation analyses using the statistical
narrow-band model with an updated data set were
performed in one-dimensional parallel plates enclos-
ure containing radiating gases with different dis-
tributions in temperature and species concentration.
Four implementation methods of the narrow-band
model were used to perform the calculations : the exact
or the correlated method for providing benchmark
solutions and three approximate methods, the non-
correlated formulation and two grey-band approxi-
mations using, respectively, global and local absorp-
tion coefficients. Accuracy of the three approximate
methods was investigated for four test cases by com-
paring their results to the benchmark solutions. The
grey-band approximation using local absorption
coefficient and the noncorrelated formulation yield
almost the same results for all the test cases. Results
of these two methods are in fair to good agreement
with the benchmark solutions. The radiative source
terms predicted from the grey-band approximation
using global absorption coefficient are shown to have
serious errors. CPU time savings of two orders of
magnitude can be achieved using the three approxi-
mate methods. Although the grey-band approxi-
mation using local absorption coefficient does not
offer significantly better accuracy than the non-
correlated formulation, it is more attractive in multi-
dimensional applications since an arbitrary solution
method can be readily used and about half com-
putational effort is required. The present method is
therefore promising for multidimensional non-grey
gas radiation analyses and demands further inves-
tigation.
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