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Abstract

A thorough investigation of the absorption coefficient dependence on temperature and pressure has been performed

for water vapor and a 32-group database has been assembled for H2O mixtures at atmospheric pressure, based on the

multi-group full-spectrum correlated k-distribution model. The method is fully scalable, i.e., spectral groups from the

database can be combined to obtain coarser group models (N ¼ 1; 2; 4; . . .) for greater numerical efficiency (accom-

panied by slight loss in accuracy). The databases for CO2 and H2O, together with the random-overlap mixture model

have been used to simulate a practical combustion problem.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Radiative transfer in absorbing–emitting gas mix-

tures can be most accurately predicted using the line-

by-line approach, but LBL calculations require large

computer resources and computational time. It has been

known for some time that, for a narrow spectral range

(i.e., a range over which the Planck function Ibg ’ const)

in a homogeneous medium (i.e., absorption coefficient

jg is not a function of spatial location), the absorption

coefficient may be reordered into a monotonic k-distri-
bution, which produces exact results at a tiny fraction of

the computational cost [1,2]. As with other narrow band

models, treatment of nonhomogeneous media is some-

what problematic. Two methods have been commonly

used to address nonhomogeneity: the scaling approxi-

mation and the assumption of a correlated k-distribu-
tion. The correlated-k method has been shown to be

accurate primarily for low temperature meteorological

applications [1,3,4].
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More recently, the reordering concept has also been

applied to the full spectrum. Denison and Webb [5,6]

developed the spectral-line-based weighted-sum-of-gray-

gases (SLW) model, in which line-by-line databases are

used to calculate weight factors for the popular

weighted-sum-of-gray-gases (WSGG) model [7,8]; for

nonhomogeneous gases they used the correlated-k ap-

proach. A similar method, called the absorption distri-

bution function (ADF) approach, was developed by

Rivi�eere et al. [9,10]. Modest and Zhang [11–13] obtained

k-distributions for the entire spectrum, showing that the

SLW/ADF/WSGG methods are simply crude step im-

plementations of the full-spectrum k-distribution (FSK)

method. For nonhomogeneous media the FSK method

then becomes the full-spectrum correlated k-distribution
(FSCK) or full-spectrum scaled k-distribution (FSSK)

method, depending on whether a correlated (FSCK) or a

scaled (FSSK) absorption coefficient is assumed, re-

spectively [13].

Similar to narrow band k-distributions these full-

spectrum methods have LBL accuracy for homogeneous

media, but at a tiny fraction of the computational cost.

And, again, substantial inaccuracies can occur in non-

homogeneous media because the assumptions of a cor-

related or scaled absorption coefficient are violated,

particularly in the presence of extreme temperature
erved.
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Nomenclature

a weight function for FSCK method

A parameter in the scaling function

b self broadening-to-air-broadening coefficient

bself self-broadening line half-width, cm�1

bair air-broadening line half-width, cm�1

E parameter in the scaling function, K

f k-distribution function, cm

g cumulative k-distribution
I radiative intensity, W/m2 sr

k absorption coefficient variable, cm�1

kg spectral absorption coefficient at reference

state, cm�1

l geometric length, m

n scaling function parameter

p pressure, bar

q radiative heat flux, W/m2

s, s0 distance along path, m

T temperature, K

u scaling function for absorption coefficient

w quadrature weight

x mole fraction

Greek symbols

g wavenumber, cm�1

/ composition variable vector

U scattering phase function

j absorption coefficient, cm�1

X solid angle, sr

rs scattering coefficient, cm�1

Subscripts

0 standard state for database

b blackbody emission

j line or bin

m spectral group

max maximum

min minimum

P Planck mean

ref reference condition

w wall

g spectral
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changes and/or changing mole fractions. To overcome

this limitation, Pierrot et al. [10] developed the fictitious-

gas-based absorption distribution function (ADFFG), in

which the individual lines comprising the absorption co-

efficient were placed into separate groups based on their

temperature dependence. While improving accuracy, the

method becomesmore expensive in cpu time by a factor of

M2, where M is the number of fictitious gases or groups.

Similarly, Zhang and Modest [14] extended their FSK

method to such fictitious gases. Their multi-scale full-

spectrum k-distribution (MSFSK) method requires only

M solutions to the radiative transfer equation (RTE), by

treating line overlap in an approximate fashion.

Very recently, Modest and Zhang [12] developed a

new multi-group method (MGFSK), in which spectral

positions (with absorption coefficients consisting of

contributions from many different lines) are placed into

spectral groups according to their dependence on tem-

perature and (partial) pressure (as opposed to the AD-

FFG and MSFSK methods, which place spectral lines

into groups, each of them affecting the absorption co-

efficient over many different wavenumbers). Such a

model avoids the problem of overlap between different

groups, thus requiring only M RTE evaluations without

need for further approximation. In addition, it allows

the consideration of partial pressure dependence during

the grouping process. A 32-group database for CO2 was

constructed as part of that paper and was tested using

the new multi-group approach [12].
In this paper, a similar database for H2O will be

presented and tested with the MGFSK method. In ad-

dition, the databases for CO2 and H2O will be applied,

together with the random overlap mixture approach, to

a practical combustion problem. The HITEMP database

[15] will be used in this paper to build up the database.

As indicated by Modest and Bharadwaj [16], HITEMP

displays some questionable behavior in the band wings

of CO2 at temperatures above 1500 K. However, the

MGFSK model can be used with any other database.

Total pressure variations could be incorporated as well,

and will be considered in follow-up work.
2. Theoretical development

2.1. The MGFSK approach

For the convenience of the reader, a brief overview

of MGFSK method by Zhang and Modest [12] will be

given here. The starting point is the spectral RTE for

an absorbing, emitting and scattering medium [17],

dIg
ds

¼ jgð/; gÞ½IbgðT Þ � Ig�

� rs Ig

�
� 1

4p

Z
4p
Igðŝs0ÞUðŝs; ŝs0ÞdX0

�
; ð1Þ

where / is a vector containing all the composition

variables defining the state of the gas, i.e., / ¼ ðT ; p; xÞ,
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Fig. 1. Scaling function ug for several spectral locations across

the 1500–1600 cm�1 spectral range of H2O, where /
0
¼ (300 K,

1 bar, 20%).
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where x is the mole fraction of the absorbing gas. Eq. (1)

is subject to the restriction that scattering properties rs

and U (as well as bounding wall reflectance) are gray.

Spectral locations are then sorted into M ¼ 32 spectral

groups according to the absorption coefficient depen-

dence on temperature and partial pressures. For the mth
spectral group [gm] (containing all the wavenumbers for

that group), the RTE is reordered as done for CO2 [12]

and one obtains

dIgm
ds

¼ kmðTref ;/; gmÞ½amðT ; Tref ; gmÞIbðT Þ � Igm�

� rs Igm

�
� 1

4p

Z
4p
Igmðŝs0ÞUðŝs; ŝs0ÞdX0

�
; ð2Þ

where

fmðT ;/ref
; kmÞ ¼

1

IbðT Þ

Z
g2½gm�

IbgðT Þdðkm � jgð/ref
; gÞÞdg;

ð3Þ

gmðTref ;/ref
; kmÞ ¼

Z km

0

fmðTref ;/ref
; kmÞdkm; ð4Þ

Igm ¼
Z

g2½gm�
Igdðkm � jgð/ref

; gÞÞdg=fmðTref ;/ref
; kmÞ;

ð5Þ

amðT ; Tref ; gmÞ ¼
fmðT ;/ref

; kmÞ
fmðTref ;/ref

; kmÞ
: ð6Þ

Here fm is the Planck-function weighted k-distribution,
determined based on the absorption coefficient evalu-

ated at a reference state /
ref
, and gm is its cumulative

distribution, which acts as a nondimensional reordered

wavenumber; Igm is the resulting ‘‘spectral’’ intensity for

group m, and am is a stretching factor for gm between

local temperature T and reference temperature Tref . Note

that the first argument of fm is the Planck function

temperature (i.e., temperature of the radiation source),

while the second argument describes the state of the gas

at which the absorption coefficient is evaluated (includ-

ing the––usually different––gas temperature).

Evaluation of Igm requires the precalculation of two

sets of FSK for each of the M spectral groups: (i) k-
distributions fmðT ;/ref

; kmÞ, evaluated for the absorption

coefficient taken at reference conditions and for all

Planck function temperatures (for the determination of

am), and (ii) k-distributions fmðTref ;/; kmÞ, with the ab-

sorption coefficient evaluated at local conditions, but the

Planck function only at the reference temperature [for

the evaluation of kðTref ;/; gmÞ]. Once Igm has been found

using any arbitrary RTE solution method, total intensity

is determined by summing over all spectral groups and

integrating over g-space, i.e.,

I ¼
Z 1

0

Ig dg ¼
XM
m¼1

Z 1

0

Igm dg: ð7Þ
Note that the reference state /
ref

is the only state

where the absorption coefficient is taken in its exact

form and that a correlated absorption coefficient is as-

sumed for all other states. Therefore, it is important to

choose an optimal reference state for each problem at

hand. While any arbitrary value can be used for the

reference Planck function temperature, it is usually set to

the same value as the temperature of the reference state

/
ref
. As stated, Eq. (2) uses a correlated absorption co-

efficient and, as such, should be termed the multi-group

full-spectrum correlated k-distribution (MGFSCK)

method; using a scaled absorption coefficient, on the

other hand, would lead to the MGFSSK approach. For

the fine nuances between a correlated and a scaled ab-

sorption coefficient the reader is referred to [13].

2.2. Databasing of spectral groups

Similar to the previous databasing of CO2 [12], we

start by observing the typical behavior of the absorption

coefficient scaling function of water vapor

ugð/;/0
; gÞ ¼

jgð/; gÞ
jgð/0

; gÞ ; ð8Þ

as it varies across the spectrum, where /
0
is any arbi-

trary standard state to be compared with (and is not

related to the reference state of the previous section).

Some typical results are shown in Figs. 1 and 2 for a

mixture containing 20% H2O, for a few selected spectral

locations across the 1500–1600 cm�1 (6.3 lm band) and

3900–4000 cm�1 (2.7 lm band) ranges. As for CO2, this

behavior was found to be consistent for all spectral lo-

cations, and also consistent with theoretical predictions
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of the absorption coefficient. Based on a thorough in-

vestigation of H2O scaling function behavior, a set of 32

scaling functions was chosen as

umðT ; x; T0; x0Þ

¼
1þ bx

ffiffiffiffi
T0
T

q
þ Am 1þ bx T0

T

� �2h i
e�Em=T

1þ bx0
ffiffiffiffi
T0
T

q
þ Am 1þ bx0

T0
T

� �2h i
e�Em=T0

T0
T

� �nm

;

ð9Þ

and are shown in Fig. 3 (here arbitrarily normalized with

T0 ¼ 300 K and x0 ¼ 0:2 for better discernibility). In its

parametric form, Eq. (9) is identical to the parametric
T (K)
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Fig. 3. Standard scaling functions um for H2O.
form for CO2, and can be expected to perform well for

all gases. Each of the scaling functions is defined by the

three parameters Am, Em and nm, and a self broadening-

to-air broadening coefficient defined as

b ¼ bself
bair

� 1; ð10Þ

where bself is line width due to self broadening, and bair
the one due to air broadening. This ratio is fairly con-

stant across the entire spectrum for all gases. For H2O

b ’ 4, which was chosen for all 32 groups here. With the

group of scaling functions defined, a scan is made across

the entire spectrum (in steps of Dg ¼ 0:01 cm�1), eval-

uating the absorption coefficient from the HITEMP

database [15] at a standard mole fraction of x0 ¼ 0:2, for
a set of Jð¼ 23Þ temperatures 300 K6 Tj 6 2500 K. The

spectral group into which wavenumber gi is placed,

mðgiÞ, is found from minimization.

Once all wavenumbers of the spectrum have been

placed into the 32 basic groups, FSK and the inverse of

the cumulative k-distribution, kmðT0;/; gmÞ, can be cal-

culated for each group and all states /. If the absorption
coefficient is correlated, then the ratio of two k-distri-
butions for a given Planck function temperature, say T0,
but evaluated for absorption coefficients evaluated at

different states / and /
0
, leads to a scaling function that

depends on the cumulative k-distribution gm [13]

umgð/;/0
; gmÞ ¼

kmðT0;/; gmÞ
kmðT0;/0

; gmÞ
: ð11Þ

As an example, these scaling functions, for /¼ (2000 K,

1 bar, 20%) and /
0
¼ (300 K, 1 bar, 20%), are shown in

Fig. 4 for all 32 spectral groups of H2O. Note that, for

each spectral group, the cumulative k-distribution ran-

ges from a gm;min to 1. A large range of (1� gm;min) in-

dicates that group m occupies a large part of the (Planck

function weighted) spectrum. All ranges summed to-

gether must add to unity. Not surprisingly, the g-
dependence of these scaling functions is weak: because

of grouping criteria, the scaling function for each wave-

number comprising group m should have a scaling

function closely following the standard function

umð/;/0
Þ of Eq. (9), i.e., should be independent of gm.

This is confirmed by Fig. 4; indeed, the g-dependence of
the scaling functions for H2O was found to be consid-

erably weaker than for CO2 indicating that, at the 32

group level, the absorption coefficient of H2O is more

scaled than that of CO2. Therefore, at the 32-group

level, we may assume the absorption coefficient not only

to be correlated, but to be scaled, or

jgð/; gÞ ¼ jgð/0
; gÞumð/;/0

Þ; g 2 ½gm�: ð12Þ

This allows the construction of a much more compact

database with little additional loss of accuracy. The

standard state for the database is taken as /
0
¼
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(T0 ¼ 1500 K, p0 ¼ 1 bar, x0 ¼ 0:2) simply for conve-

nience, and should not be confused with the reference

state (/
ref
) needed in Eq. (2) to recast the RTE as a

function of cumulative k-distribution. Since the ab-

sorption coefficient is databased as scaled at the 32-

group level, the choice of reference state for the

32GFSCK model is arbitrary. However, when groups

are combined, the resulting absorption coefficient will no

longer be scaled, and an optimal choice for the reference

state becomes important.

With 32 groups for H2O and the Planck function

temperature ranging from 300 to 2500 K (23 tempera-

tures), 32� 23 k-distributions, kmðT ;/0
; gmÞ (m ¼ 1; . . . ;

32) have been evaluated and databased. The k-distri-
butions at any nonstandard state / can then be calcu-

lated as

kmðT ;/; gmÞ ¼ kmðT ;/0
; gmÞumð/;/0

Þ; ð13Þ

(with 32 values each for Am, Em and nm also databased

for the scaling functions um).

2.3. Weight function a

At this point, for each of the 32 spectral groups for

H2O the FSK have been calculated and databased. The

required number of data points for each k-distribution
and, thus, the efficiency of the database is greatly af-

fected by the smoothness of the weight function am
defined in Eq. (6). This function is the ratio of two

k-distributions, or the ratio of the slopes of two cumu-

lative k-distributions (evaluated at Planck function

temperatures of T and Tref , respectively). Therefore, the
weight function is very sensitive to the structure of the

k-distributions. Noisy weight functions will have detri-
mental effects on quadrature efficiency, in particular for

groups with holes (ranges of absorption coefficient not

present in the spectral group under consideration) in

their k-distributions. Therefore, the k-distributions were
smoothened, in order for them to produce smoothly

varying weight functions am in the same way as was done

for CO2 [12]. Since different absorption coefficient re-

gions may become important at different optical thick-

nesses, the database for the 32 groups of H2O was

constructed with 100 k-boxes (values) each, allowing the

user to choose proper quadrature points, depending on

the problem at hand. With 32 groups, 23 Planck func-

tion temperatures and 100 k-boxes (values) considered,

the size of the resulting database is about 1 MB.

2.4. Combination of spectral groups

For greater numerical efficiency (accompanied by a

slight loss of accuracy), the spectral groups from the

database can be combined to obtain coarser group

models (N ¼ 1; 2; 4; . . .). While the absorption coefficient

may be assumed to be scaled at the 32 group level, this is

clearly not true after combining groups, unless a new

scaling function is determined after each grouping, fol-

lowing the guidelines of Modest and Zhang [11]. How-

ever, if we simply assume that each group has a

correlated absorption coefficient, then, since there is no

overlap between different spectral groups [12],

gnðT ;/; kÞ ¼
X
m

gmðT ;/; kÞ � Nn þ 1; n ¼ 1; 2; . . . ;N

ð14Þ

where n is the new group resulting from combining a

number of basic groups and Nn is the number of base

groups that have been combined to form group n. This
relation may be inverted to give kn as a function of the

combined group�s cumulative k-distribution gn,

knðT ;/; gnÞ ¼ g�1
n ðT ;/; knÞ: ð15Þ

This is demonstrated in Fig. 5, where Groups 3 and 4

were combined and the combined k-distribution essen-

tially coincides with the k-distribution calculated directly

from the HITEMP database (the only errors coming

from the scaling in Eq. (13) and the smoothing of the

databased k-distributions).
If all 32 groups are combined into one (N ¼ 1) this

results in FSK as required for the FSK models [11,13],

evaluated accurately and efficiently from a small data-

base (as opposed to tedious calculations from the HI-

TEMP database).

2.5. Use of the database

Solving a general radiation problem using N different

spectral groups requires the solution of the RTE, Eq. (2),
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for each of these groups. This in turn, requires (i) defi-

nition of an optimal global reference state /
ref
, at which

the absorption coefficient and its k-distribution are

calculated ‘‘exactly’’; (ii) precalculation of a set of k-
distributions knðTref ;/; gÞ for each group, i.e., absorption

coefficient evaluated at local state /, Planck function at

Tref (for use in Eq. (2)), and (iii) precalculation of a set of

k-distributions knðT ;/ref
; gÞ for each group, i.e., ab-

sorption coefficient evaluated at the reference state /
ref
,

Planck function at local temperature T (for the evalua-

tion of the weight function an). These distributions are

extracted from the database, which contains for each of

theM ¼ 32 groups: (a) parameters Am, Em, nm (m ¼ 1;M)

for the evaluation of umð/;/0
Þ from Eq. (9), and (b) k-

distributions kmðTj;/0
; gÞ (m ¼ 1;M ; j ¼ 1; J ) for J ¼ 23

Planck function temperatures equally spaced between

300 and 2500 K.

Step 1: A global reference state is chosen along the

guidelines of Modest and Zhang [11], i.e., the

Planck mean temperature as reference tempera-

ture and the volume-averaged mole fraction as

reference mole fraction.

Step 2: Keeping in mind that the database uses a stan-

dard state of /
0
¼ ðT0 ¼ 1500 K, p0 ¼ 1 bar,

x0 ¼ 20%), one finds for each of the 32 groups

kmðT ;/; gmÞ ¼ kmðT ;/0
; gmÞumð/;/0

Þ: ð16Þ

At this point kmðT ;/; gmÞ is available for all

Planck function temperatures (including Tref )
and local states / (including /

ref
) in the form of

23� 100 pairs of points ðkm;i; gm;iÞ.
Step 3: If groups are to be combined into an N -group

model for greater numerical efficiency, this is
now done through the use of Eq. (14). In the

database, groups are numbered in such a way

that groups with similar scaling function um
are always next to each other, so adjacent

groups should be combined. This results in

N � 100 pairs of points ðkn;i; gn;iÞ for the N com-

bined groups.

Step 4: For all Planck function temperatures T , the

weight functions anðT ; Tref ; gnÞ are calculated

from

an;i ¼
dgnðT ;/ref

Þ
dgnðTref ;/ref

Þ


k¼kn;i


gn;iþ1ðT ;/ref

Þ � gn;i�1ðT ;/ref
Þ

gn;iþ1ðTref ;/ref
Þ � gn;i�1ðTref ;/ref

Þ : ð17Þ

(an is calculated indirectly from Eqs. (6) and (4)

since only (smoothened) values of gnðkÞ are

stored in the database).

Step 5: A set of J quadrature points, say J ¼ 10, is cho-

sen for the problem at hand to eventually carry

out the integration in Eq. (7) as

I ¼
XN
n¼1

In ¼
XN
n¼1

Z 1

gn;min

Ig;ndgn 
XN
n¼1

XJ

j¼1

wjIg;nðgn;jÞ;

ð18Þ

where the wj and gn;j are quadrature weights

and points, respectively. For this operation, the

data sets for knðTref ;/; gnÞ and anðT ; Tref ; gnÞ are
reduced to the corresponding J values each.

Step 6: Given the necessary set of kn and an values, the
RTEs for each of the n groups are solved and

results collected according to Eq. (18).
3. Sample calculations

The new 32-group database for H2O is tested in this

section by calculating radiative heat loss rates from

several one-dimensional slabs of gas mixtures with

varying temperatures and mole fractions, using the

multi-group approach [12]. A uniform mixture of 20%

H2O–80% N2 (by volume) at 1 bar, confined between

two infinite, parallel, cold and black plates, is considered

first to test the validity of the model in situations of

extreme temperature changes. In this problem, an iso-

thermal layer at 2000 K with a fixed width of 50 cm is

adjacent to another isothermal, cold layer at 300 K of

varying width. The radiative heat flux exiting the cold

column is shown in Fig. 6, with LBL calculations serving

as benchmark. For simplicity, a simple trapezoidal rule

was used in the LBL calculations (with a resolution of

0.01 cm�1) and the accuracy of the LBL results are ex-

pected to be within 1%. The MGFSCK results calcu-
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their relative error compared with the LBL benchmark.
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Fig. 7. Same as Fig. 6, but using multi-group FSSK model.
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lated directly from the HITEMP database are shown by

lines, while the symbols represent results using the 32-

group database for H2O. The 32-group model uses a

scaled absorption coefficient and, is, thus, independent

of the choice of reference state; for combined groups, the

reference state recommended by Modest and Zhang [11]

was used. As can be seen from Fig. 6, the direct FSCK

results and those from the database are in very good

agreement. Note that there is a substantial improvement

when going from a single group model (FSCK) to a

2GFSCK model, with the maximum error changing

from 25% to less than 9%. The improvement from

2GFSCK to 4GFSCK is not as large and LBL accuracy

can essentially be achieved with eight or more groups

(within the limits of quadrature error for both LBL and

FSCK). Results using the k-distributions provided by

the database (symbols) are very close to those using k-
distributions obtained directly from the HITEMP data-

base (lines); while some error accumulation is apparent,

especially at the 1- and 2-group levels, the overall ac-

curacy of the method remains unaffected by using the

compact database.

Modest [13] has shown that using a scaled absorption

coefficient is superior to the FSCK method if the scaling

function is optimized, resulting in the FSSK method.

This model can also be implemented with the 32 group

database. The results for a single group FSSK and a
2GFSSK (results from both database and direct calcu-

lations from the HITEMP database) are shown in Fig. 7.

The FSSK method considerably outperforms the FSCK

result, reducing the maximum error from about 25%

(FSCK) to 12% (FSSK), while 2GFSSK and 2GFSCK

perform about equally well. Therefore, using the (in this

case slightly more tedious) FSSK method makes sense

only if all 32 groups are combined into a single group.

The same problem, but with a hot left wall at 1000 K,

was also considered and the MGFSCK results are

shown in Fig. 8. In this case, the single-group FSCK

result has a maximum error of about 13%, which is

improved to around 6% for 2GFSCK. With four or

more groups the accuracy rivals that of LBL results.

The next example considers a H2O–N2 gas mixture

with both a step in temperature and a step in mixture

ratio. The medium is again a one-dimensional slab with

a hot layer (2000 K, 10% H2O, 50 cm width) adjacent to

a cold layer (300 K, 50% H2O, with varying cold layer

width lc). The wall next to the hot layer is at 1000 K and

that next to the cold layer is at 0 K, with both walls

black. The radiative heat flux exiting the cold column of

this mixture is shown in Fig. 9, leading to the same

conclusions as the results of Fig. 6. A number of other

cases were studied and the same conclusions can be

drawn: a substantial improvement occurs when going

from a single group model to a 2GFSCK model; LBL

accuracy is approached with a maximum of eight

groups. However, combining groups using the assump-

tion of a correlated absorption coefficient makes the
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left wall is at 1000 K.
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Fig. 10. Geometry of cylindrical combustor.
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8-group model dependent on the chosen reference state,

/
ref
, and thus cannot be databased efficiently. For that

reason, the database was collected for a 32-group model,

which uses a scaled absorption coefficient and is, thus,

independent of the reference state.
4. Incorporation of FSK model into CFD/combustion code

The FSK models have proven to be very successful in

simplifying molecular gas radiation calculations from

about 1 million (LBL) to only a few spectral calcula-

tions, thus making it possible to accurately predict the

role of radiation in combustion systems. It will be shown

in this section how the FSK model, as derived from the

present database, can be interfaced with a CFD/com-

bustion code (in this case, FLUENT [18]), to provide

accurate predictions in a typical combustion environ-

ment, using the databases already built for CO2 and

H2O. Since FLUENT�s radiation solvers do not allow

for truly nongray properties, the P1-approximation was

used, spectral renditions of which [17] are readily im-

plemented in the form of FLUENT�s �additional scalar
equations�.

4.1. Combustion test problem

An axisymmetric jet flame is considered and the geo-

metry is shown in Fig. 10. A small nozzle in the center of

the combustor introduces methane at 80 m/s, and am-

bient air enters the combustor coaxially at 0.5 m/s. The

overall equivalence ratio is approximately 0.76 (about

28% excess air). The high-speed methane jet initially

expands without interference from the outer wall, and

entrains and mixes with the low-speed air. The Reynolds

number based on the methane jet diameter is approxi-

mately 28,000. The combustion is modelled using a

global, one-step reaction mechanism together with a

finite-rate chemistry model. Since methane is consumed

at relatively low temperature and is present only over a

small fraction of the combustor volume, only the radi-

ative effects of CO2 and H2O are considered. And be-

cause, for the single-group model to be employed here,

the FSSK model is more accurate than the FSCK ap-

proach, it is used here together with the P1-approxima-

tion to account for molecular gas radiation.

In principle, variable mixtures of different absorbing

gases pose no additional difficulty, because the absorp-

tion coefficient of all species can simply be added up. In

practice, however, it would be highly desirable to build

k-distributions for arbitrary gas mixtures from k-distri-
butions of individual species. For nonoverlapping ab-

sorption coefficients the cumulative k-distributions are

additive as demonstrated earlier for the combination of
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H2O groups. On the other hand, if overlap is totally

random the k-distributions can be considered as statis-

tically uncorrelated, and one obtains from the multipli-

cation approach [19,20] or random-overlap approach

[17]

gðT ;/; kÞ ¼ gCO2
ðT ;/; kÞ � gH2OðT ;/; kÞ: ð19Þ

For CO2–H2O mixtures this approach has been rather

successful on narrow band and full spectrum levels (i.e.,

for complete overlap of the spectral ranges for CO2 and

H2O). Whether and how this approach can be applied to

the multi-group model is unknown at this point, and will

be the focus of a future study.

For the present test problem the new 32-group da-

tabases for CO2 and H2O are used, but all 32 groups are

combined to obtain a set of single-group k-distributions
each for CO2 and H2O, respectively. Eq. (19) is then

used to obtain the k-distributions for the mixture.

The problem is first solved using a finite volume code

(FLUENT) without considering radiation effects. Since

fuel is injected from the inlet together with cold air,

temperatures near the inlet are relatively low (300 K).

The combustion reaction produces a flame sheet with

high downstream outlet temperatures. Temperature

levels inside the chamber range from 300 K to around

2400 K, as shown in Fig. 11(a). The single-group FSSK

model was then incorporated into FLUENT to account

for radiation. A reference state (Planck mean reference

temperature and a volume averaged mole fraction) was

first chosen, based on the temperature and mole fraction

distributions obtained above (without radiation). The

database is then converted and combined into single

groups for each specie using Eq. (14). Assuming that the

spectral overlap between CO2 and H2O is random, Eq.

(19) is used to calculate the k-distributions for the gas

mixture. The scaling function u is calculated at this point
(c) 

(b)

T: 300 500 700 900 1100 1300 1500 1700 1900 2100 2300
(a) 

Fig. 11. Jet flame temperature contours: (a) without consider-

ing radiation, (b) considering radiation using the FSSK model,

(c) considering gray radiation.
for all gas temperatures and partial pressures. Following

the choice of 10 quadrature points (10 k (or g) values
and 10 weights), the weight function a is calculated for

all Planck function temperatures at those 10 quadrature

values.

All precalculations (the 10 k values, 10 quadrature

weights, weight functions a and scaling functions u) were
input into FLUENT and 10 user defined scalars (see

FLUENT manual [18]) were defined and solved using

FLUENT solvers. During each iteration, the radiative

heat source and radiative heat flux were determined and

coupled into the energy equation. The converged tem-

perature field is shown in Fig. 11(b). As is well known,

radiation makes the flame colder on average, with the

peak temperature dropping to 2150 K. The mole frac-

tion distributions for CO2 and H2O are shown in Fig. 12

for the FSSK model. Due to the use of a single global

reaction for methane the mole fraction of H2O is

everywhere twice that of CO2.

To ensure that the FSSK model accurately predicts

the radiation field for the present problem, the temper-

ature field shown in Fig. 11(b) and the mole fraction

fields shown in Fig. 12 were also used to make a LBL

calculation. The radiative heat source r � q determined

from LBL calculations for this case is shown in Fig.

13(a) and the relative error of the FSSK model with

respect to the LBL benchmark, defined as

error ð%Þ ¼ r � qLBL �r � qFSSK
r � qLBLj jmax

� 100 ð20Þ

is shown in Fig. 13(b). It can be seen that the maximum

errors are about 4%. Thus, one may conclude that the

FSSK model, in general, predicts heat transfer rates very

well, and that the 32-group databases allow efficient and

accurate implementation of the FSSK model. In this

case, the radiation loss from the flame reduces the

maximum temperature by as much as 250 K.

Combustion gases are sometimes treated as gray in

order to simplify calculations. For comparison, a gray
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

(a)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

(b)

Fig. 12. Mole fraction distribution in a two-dimensional cy-

lindrical combustion chamber for CO2 and H2O: (a) xCO2
¼

0:5xH2O without radiation, (b) xCO2
¼ 0:5xH2O FSSK model.
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Fig. 13. 2D cylindrical combustion chamber with a gas mixture

containing CO2 and H2O: (a) LBL calculations for the radiative

heat source r � q (W/cm3), (b) relative error of FSSK results,

ðr � qLBL �r � qFSCKÞ=r � qLBL;max, (c) relative error of gray

radiation results.
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radiation model was also implemented for the present

combustor, with the local Planck mean absorption co-

efficient taken as the gray locally varying absorption

coefficient. From the temperature contours shown in

Fig. 11(c), one can see that the gray model strongly

overpredicts radiative heat losses by as much as 80%

(with the peak temperature dropping to 2050 K). The

error of the radiative heat source based on the gray ra-

diation model is shown in Fig. 13(c), indicating that

treating gases as gray may cause large errors and is

generally unacceptable in combustion applications, es-

pecially for optically thick flames.
5. Summary and conclusions

A 32-group database based on HITEMP was con-

structed for H2O for use with the MGFSCK model, in

which spectral locations are broken up into N ¼
1; 2; 4; . . . spectral groups, based on their absorption

coefficient dependence on (partial) pressure and tem-

perature. The database can also be employed for accu-

rate and efficient evaluation of FSK for use in global

radiation models, such as the FSSK, FSCK, SLW and

ADF methods. The database was tested for problems

with large temperature gradients and sharp concentra-

tion changes. A practical combustion problem was also

considered to test the accuracy of the databases for CO2

and H2O mixtures. It was found that the MGFSCK

model and the H2O database provide very accurate re-

sults for radiative heat transfer calculations, approaching

LBL accuracy at a very affordable cost. The database for

H2O has a size of less than 1 MB and is available upon

request. Present limitations of the MGFSCK model are

the lack of a mixing model at the multi-group level for
CO2–H2O mixtures and, as for all global models, further

investigation is required to address nongray boundaries

and/or nongray scattering.
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