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ABSTRACT

The relationship between the spectral line based weighted-sum-of-gray-gases (SLW) model and the
full-spectrum A-distribution (FSK) model in isothermal and homogeneous media is investigated in this
paper. The SLW transfer equation can be derived from the FSK transfer equation expressed in the -
distribution function without approximation. It confirms that the SLW model is equivalent to the FSK
model in the k-distribution function form. The numerical implementation of the SLW relies on a
somewhat arbitrary discretization of the absorption cross section where as the FSK model finds the
spectrally integrated intensity by integration over the smoothly-varying cumulative-k distribution
function using a Gaussian quadrature scheme. The latter is therefore in general more efficient as a fewer
number of gray gases is required to achieve a prescribed accuracy. Sample numerical calculations were
conducted to demonstrate the different efficiency of these two methods. The FSK model is found more
efficient than the SLW model in radiation transfer in H>O: however, the two models perform similarly

in CO-.
Key words: Gas radiation; Global models; SLW; FSK

INTRODUCTION

Thermal radiation plays an important role in heat transfer in various practical high-temperature
systems, such as furnaces, engines, and combustors, as well as in fire spread. The main challenges
of modelling thermal radiation in gaseous media containing high temperature combustion products

are twofold: (1) accurate and efficient solution to the spectral radiative transfer equation (RTE) and
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(2) accurate and efficient modelling of the spectral radiative properties of the combustion products.

Significant research efforts have been devoted to real-gas radiative properties since the 1950’s.

Remarkable progress in the development of accurate and efficient global non-gray gas radiation
methods has been achieved in the last two decades or so. These developments were largely based
on the k-distribution methodology first applied to atmospheric sciences by Arking and Grossman
[1]. Several global non-gray gas models have been developed in recent years, which include the
spectral line based weight-sum-of-gray-gases (SLW) [2,3], the full-spectrum k-distribution (FSK)
[4,5] model, the absorption distribution function (ADF) model [6,7], and the spectral-line moment-
based (SLMB) model [8]. Among these models SLW and FSK are by far the two most popular
models for the reasons that they have been extensively developed for gas radiation calculations in
non-isothermal and inhomogeneous gas mixtures [3,9,5,10] and their model parameters for CO, and
H>O have been determined by line-by-line calculations. Both models are considered as modern
development of the classical weight-sum-of-gray-gases (WSGG) model proposed by Hottel and
Sarofim within the framework of the zone method [11]. The connection of the SLW and FSK
models to the classical WSGG model has been discussed by Denison and Webb [2] and Modest and
Zhang [4].

Although the starting points of derivation, the resultant transfer equations, and the numerical
implementations of the SLW and FSK models differ, they are actually closely related to each other
as first discussed by Modest [5] and recently by Solovjov and Webb [12]. Modest showed that the
SLW RTE can be derived from the FSK RTE by approximating the integration over the cumulative
k-distribution function by a trapezoidal scheme [5]. Consequently, Modest concluded that the SLW
is the crudest possible implementation of the FSK method [5]. In a recent paper, Solovjov and
Webb [12] showed that in isothermal and homogeneous media the FSK model can be derived from
the SLW model in the limit of small absorption cross section increment and the two models are just
different forms of the very same equation. Although these studies provided some useful insights
into the relationships between the two models, the findings are still incomplete and the relationships

between the key quantities in the two models have not been thoroughly explored.

The objective of this study is to offer new insights into the relationship and main differences
between the SLW and FSK models by conducting a further analysis of the two models in isothermal

and homogeneous media.



SLW AND FSK MODELS IN ISOTHERMAL AND HOMOGENEOUS MEDIA

The SLW model

Although detailed derivations of the SLW model have been given originally by Denison and Webb
[2] two decades ago and more recently by Solovjov and Webb [12], it is useful to present the key
steps in arriving at the RTE and the key variables of the SLW model to facilitate the present
discussion. The spectral RTE in an absorbing and emitting medium can be written as

%nlﬁfuﬁhig (D)
where I, is the spectral radiation intensity along a path s, 77 is the wavenumber, /py is the blackbody
spectral radiation intensity, ky, is the spectral absorption coefficient of the medium and is related to
the spectral absorption cross section of the absorbing molecule Cy(7}) through ky = NYC(Ty) with
N being the gas molar density, ¥ the mole fraction, and 7, the gas temperature. The high resolution
spectral absorption cross section Cy(7y) can be obtained from a line-by-line (LBL) spectroscopic

database. The boundary condition at a diffuse gray wall is written as
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where the subscript w stands for quantities at the wall and &y is the wall spectral emissivity. In
what follows the discussion will be focused on the transfer B:mn.osm of the SLW and FSK models,

since inclusion of the boundary condition in the discussion does not alter the findings of this study.

An important quantity in the SLW method is the absorption line blackbody distribution function
(ALBDF), first introduced by Denson and Webb [2], given as

1
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where T, and T, are respectively the blackbody temperature and gas temperature and /, is the
spectrally integrated blackbody intensity. Although not explicitly indicated, the spectral absorption
cross section C, and ALBDF also depend on the total pressure of the medium. In this study the total
pressure is restricted to p = 1 atm. A detailed discussion of how the gas and blackbody temperatures
affect ALBDF was given by Denison [13]. It is noticed that the gas temperature affects ALBDF
through the integration regions, as shown in Fig. 1 (the shaded spectral regions represent the
integration regions), which will be discussed later on. ALBDF varies between 0 (for very small

values of absorption cross section Cays) and 1 (for sufficiently large values of Cyps).



{Insert Fig. 1 here}

The development of the SLW model starts with representing the high-resolution spectral absorption

cross section by a set of discrete values Cj (j = 1, 2, ..., n) with the help of a set of supplemental

cross section C,, C,, ...,C, [2,12] as shown in Fig. 1. Because the absorption cross section varies

rapidly with the wavenumber over many orders of magnitude, the supplemental cross sections have

often been chosen logarithmically equally spaced between the minimum value m.ou Chin and the

maximum value @:M Crape [12]: 106,
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As shown in Fig. 1, the introduction of the set of supplemental cross section divides the

wavenumber into spectral segments An;; over which the absorption cross section varies between

C,

., and C , and the spectral integration of ALBDF is performed as shown in Eq. (3). The
minimum and maximum absorption cross sections are chosen in such as way that Cin is sufficiently
small to achieve a good compromise between accuracy and computing time and Cp,y is sufficiently
large so that it covers the entire range of Cy, under typical conditions of combustion applications.
The spectral regions where the cross sections are less than Cpyy are considered as “windows”, which
are represented by a “clear gas” (j = 0) and assigned an absorption coefficient of ko = 0. In terms of
the terminology of the classical WSGG model, each discrete value Cj, Fig. 1, represents a gray gas

whose absorption cross section can be evaluated as [12]

(3)
The transfer equation of the SLW model is derived by integration of the spectral RTE, Eq. (1), over
all the spectral segments An;; associated with the jth gray gas [2,12], as also shown in Fig. 1. The

resultant gray gas RTE in isothermal and homogeneous media in the SLW method is given as [2,12]

di,
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where k; is the absorption coefficient of the jth gray gas evaluated as & = NYC), g; is the weight
factor associated with the jth gray gas and is defined as [2]

1

Using the definition of ALBDF given in Eq. (3), it can be readily shown that



a,=F(C,T,,T,V)-F(C,.T,T,.Y) (8)
The weight factor of the clear gas is o = F(Crmin, 6,75, Y) [12]. ALBDF can be evaluated from its
definition, Eq. (3), along with a spectroscopic database, such as the recently available
HITEMP2010 [14]. Such calculations have been recently conducted by Liu et al. [15] and Pearson
et al. [16]. The gray gas intensity J; consists of contributions from all the spectral segments Anj; in

the wavenumber space, i.e.,

L=y R ©
The total (spectrally integrated) radiation intensity is then simply the summation of all the gray gas
intensities
I=) 1, (10)
=0

To apply the SLW model to gas radiation calculations in an isothermal and homogeneous medium the
supplemental absorption cross sections are first selected according to Eq. (4) and the ALBDF as a
function of the absorption cross section for the given conditions of the medium is also made available
either calculated from its definition and a high-resolution spectroscopic database or from a correlation
algorithm [15,16]. Note that in such applications the blackbody temperature is taken at the gas
temperature. The absorption coefficient and the weight factor of the jth gray gas are then calculated
from Egs. (5) and (8). Once the SLW transfer equation, Eq. (6) is solved for the all gray gases
considered, the total intensity is found from Eq. (10).

Although the SLW spectral model, Egs. (4) and (5), outlined above has been the most popular one
for its implementation, it is important to point out that other methods have been suggested and
employed. One of these alternative SLW spectral models is to construct the SLW model spectrum
through error minimization of the total emissivity described by Denison and Webb [2]. Although it
has been shown that this approach works quite well for as few as 3 grey gases [2], it is difficult to
be extended for multidimensional and/or non-isothermal problems. Solovjov et al. [17] has recently
developed the SLW-1 model based on the error minimization approach for constructing the model
spectrum for 1D parallel-plate problems. Another method to construct the SLW spectral model is to

employ a numerical quadrature scheme, as suggested by Solovjov and Webb [12].

The FSK model

Unlike the SLW model, whose starting point of development is a discrete representation of the

continuous absorption cross section with the help of a set of supplemental cross sections, the FSK



model does not introduce discretization of the gas absorption coefficient in its transfer equation
derivation. As shown by Modest and Zhang [4], the FSK model equation can be derived from either
the integral form of RTE or directly from the differential form of RTE by reordering it with the help
of a Dirac & function. An elaborated derivation of the FSK model from the differential form of RTE
was later given by Modest [5]. Here a brief derivation of the FSK model is provided following the
work of Modest [5].

To account for the blackbody intensity variation with wavenumber across the spectrum, a

blackbody intensity weighted full-spectrum k-distribution is introduced as [5]

1
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where & is the Dirac-delta function, x, is the gas spectral absorption coefficient, and k is an
arbitrary but specified value of absorption coefficient. A schematic is illustrated in Fig. 2 showing
that the same value absorption coefficient k intersects with the spectral absorption coefficient many
times over the entire spectrum. It is noticed that in an isothermal and homogeneous medium the
blackbody temperature T in Eq. (11) is the same as that of the medium. Multiplying a Dirac-delta
function 8(k-ky) to the spectral RTE, Eq. (1), and then integrating it over the entire spectrum leads

to

mwuiﬁrﬁk5|tb (12)
A

where
puhg3$|$§q (13)
is the intensity integrated over all spectral locations where k= k. Eq. (12) can be considered as the

transfer equation of the FSK model written in terms of the k-distribution function. The total

intensity (integrated over the entire spectrum) is then evaluated as

1=["14d,=[ 1dk (14)

{Insert Fig. 2 here}

As shown by Modest [5], the k-distribution function {75, T,.k) is ill-behaved, i.e., it is not smoothly
varying with &, and it varies over several orders of magnitude. As such, it is difficult to obtain

accurate radiation intensity by integrating 7, over the absorption coefficient space, as expressed in



the second part of Eq. (14). To expedite the evaluation of the total intensity, the cumulative k-

distribution function is introduced as
(T, T, 0 = [ £(T,. T, k)dk (15)

which is a smooth and monotonically increasing function of & between 0 and 1. It should be pointed
that the cumulative k-distribution function g in the FSK model is equivalent to ALBDF in the SLW
model, even though the former is a function of the absorption coefficient and the latter is a function
of the absorption cross section. With a proper conversion of the absorption cross section to
absorption coefficient, it can be shown that ALBDF is identical to g. For isothermal and
homogeneous media, ATy, Tek) and g(Tp,Tg.k) are simply expressed as f{7.k) and g(T.k), where T

represents the gas temperature.

Division of Eq. (12) by AT.,k) results in
dl

antﬁim (16)

where
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Based on the definitions of /, and g, [;dk = I,dg. Hence the total intensity can now be calculated as

1=["1d,= [ 1Lak=[1de (18)

(7

Because the cumulative k-distribution function g is a smooth and monotonically increasing function

from 0 to 1, the integration of , in the g space can be conveniently performed using a numerical
g g g sp yp g

quadrature scheme. The Gaussian quadrature is one of the popular choices in such calculations. In

general, very good accuracy can be achieved using only about 10 quadrature points, i.e.

N

1= [1dg= 2w, (19)

N

where N is a number of quadrature points, w; is the weight parameter with M w, =1, and g; is the

i=l
quadrature point. In the application of the FSK model to gas radiation calculations in an isothermal
and homogeneous medium the k-distribution function f'and the cumulative k-distribution function g
at the given conditions (temperature, total pressure, mole fraction) are first calculated from a high-
resolution spectroscopic database over a wide range of absorption coefficient k. A quadrature
scheme is then selected to provide a set of w; and g; parameters. At a given quadrature point g;, the
corresponding absorption coefficient £; is obtained implicitly from Eq. (15). Once £; is available, the

FSK transfer equation, Eq. (16), is solved. Finally, the total intensity is calculated using Eq. (19).



Equation (16) is known as the transfer equation of the FSK method and is also regarded as a
reordered RTE in the smoothly-varying g-space and the g function is a reordered wavenumber
bounded between 0 and 1 [5]. As pointed out by Modest [5], the FSK method is exact, i.e., Egs.
(12) and (16) are exact without any approximations. The only approximation in this method for
isothermal and homogeneous problems is the integration in the g space using a quadrature scheme,

Eq. (19).

The relationship between FSK and SLW models

Although the relationship between the FSK and SLW models has been previously discussed by
Modest [5] and Solovjov and Webb [12], a further analysis of the two models is presented here to
gain new insights into their relationship and to better understand the differences in the numerical
implementation of the two models. The relationship between the two models can be revealed by
deriving the SLW transfer equation from the FSK transfer equation written in terms of the -
distribution function, i.e., Eq. (12). Based on the definitions of J; and f(T,k) and the properties of the

Dirac-delta function, it can be shown that
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In Egs. (20) and (21) the summation is over all spectral locations where x, = k, Fig. 2. Substituting

Egs. (20) and (21) into Eq. (12) one gets

dls(,lanl] |- |dn)| |dn|
s M p_nﬁ =k M bij_%@ -k Y| 1, (22)
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Writing the derivative terms in the above equation in the finite difference form and then multiplying
Ak, which is a small variation to the absorption coefficient k£ as shown in Fig. 2, to Eq. (22) leads to
d
415(1,8n) |4 an)

i i

(23)
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where An is the wavenumber variation corresponding to the small variation Ak assigned to k, see
Fig. 2. Based on the definitions of /, and a; given in Egs. (9) and (7), respectively, it can be readily
recognized that Eq. (23) is identical to the transfer equation of the SLW method given in Eq. (6)
with

(24)

L =k

1= [, Ldn=2(1An)
and

(25)
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The above derivation of the transfer equation of the SLW model from that of the FSK model written
in terms of the k-distribution function suggests that the SLW model is equivalent to the FSK model
expressed in /; and the k-distribution function f{T,k). However, the transfer equation of the FSK
model written in I; and A{T,k) is only its intermediate form, but not the final one expressed in /g,
though the transfer equation of the SLW model can also be manipulated to arrive at an equivalent
form as that for /, [12]. The above derivation also establishes the relationships between J; and J; and
AT.k) and g, as

I, =1,Ak (26)

a, = f(T,k)Ak = Ag (27)

The second part of Eq. (27) is a result of the definition of g given in Eq. (15). Eqgs. (26) and (27)
establish the relationships between the quantities in SLW and FSK models.

The above derivation of the SLW transfer equation from the FSK transfer equation written in terms
of the k-distribution function suggests that both the SLW and FSK transfer equations are exact, if
the spectral intervals are kept infinitely small in the SLW model, confirming the conclusion of
Solovjov and Webb [12]. However, there indeed exist significant differences between the two
models in their numerical implementations. In the SLW model, the total intensity is the summation
of contributions from all gray gases, Eq. (10). In view of Fig. 1 the total intensity in the SLW model

can also be written as

TM@.HM:@D@ = ﬁ:@% (28)



in the limit of infinitely small absorption cross section divisions. Because the absorption cross
section varies over several orders of magnitude, it is difficult to obtain accurate total intensity by
integration directly over the absorption cross section space. This implies that it is difficult to design
a set of supplemental absorption cross section that is as efficient and accurate as a Gaussian type
quadrature scheme as far as total intensity calculation is concerned. However, this is exactly how
the SLW model has often been implemented numerically by discretizing the absorption cross
section by designing a spectral model as discussed in Section 2.1. On the other hand, the FSK
model does not deal with the transfer equation written in terms of J and the k-distribution function
ATk), Eq. (12), to obtain the total intensity; otherwise, the FSK model would share the same
drawback as the SLW model. Instead, the FSK model solves the transfer equation written in Z, and
then evaluates the total intensity according to the last part of Eq. (18) by using a Gaussian type
quadrature scheme by taking the advantage that the cumulative function g is a smoothly-varying

function between 0 and 1.

Although the SLW and FSK transfer equations are just different form of the very same equation as
shown above and by Solovjov and Webb [12], use of the different forms of the same equation is the
fundamental reason for the different numerical implementations of these two methods. As a result
of taking the advantage of a Gaussian quadrature scheme in the implementation of FSK method, it
is expected that the FSK method is in general more efficient than the SLW method, since it is
expected that fewer quadrature points (or gray gases) are needed to achieve the same accuracy.
Besides this major difference between SLW and FSK models, another difference between the two
models worth pointing out lies in the treatment of the clear gas. In the SLW model, the clear gas is

treated explicitly. In the FSK model, however, the clear gas is not considered explicitly.

RESULTS AND DISCUSSION

The SLW and FSK models were used to calculate radiative heat transfer in one-dimensional
isothermal and homogeneous gases between two planar plates containing either H;O or CO,. The
logarithmically equally spaced model spectrum was used for the SLW implementation while the
Gauss quadrature scheme was employed for the FSK calculations. These choices are based on the
considerations that they have been frequently used in previous studies. In all the calculations of this
study the wall surfaces were assumed black and the medium was at a uniform total pressure of 1
atm. Numerical calculations were conducted using the discrete-ordinates method (DOM) by

employing 20 uniform grids and the T; angular quadrature set with 72 directions in the entire 47
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solid angle. Further detail about the RTE solver can be found in Chu et al. [18]. The line-by-line
(LBL) results were also obtained using the HITEMP2010 database [14] with details provided in
[18]. Although exact solution to the problems at hand exist and there is no need to use DOM to
obtain the numerical results, we used DOM in this study mainly for the reasons that the code has
been extensively used in our previous studies and DOM is very accurate in 1D plate enclosure. Use

of DOM to solve RTE should not alter the findings of this study.

Model parameters

For calculating radiative heat transfer, we firstly need ALBDF for the SLW model and the -
distribution and cumulative k-distribution functions for the FSK model. ALBDF of CO; and H,O
were calculated based on its definition given in Eq. (3) and the HITEMP2010 database. The k-
distribution function was calculated using the expression given in Eq. (21) and the HITEMP2010
database. Once the k-distribution function is available, the cumulative distribution function can be

readily calculated from its definition, i.e., by integration of the k-distribution function, Eq. (15).

{Insert Fig. 3 here}

The ALBDFs of H;O at T, = 1000 K and different blackbody source temperatures and water mole
fractions are shown in Fig. 3. Fig. 3(a) shows the ALBDFs of pure H>O at five different blackbody
temperatures of 500, 1000, 1500, 2000, and 2500 K. Fig. 3(b) shows the effect of self-broadening of
H-0, which is quite strong and must be taken into account, at two blackbody temperatures of 500
and 1500 K. The ALBDFs of CO; at 7, = 1000 K and different blackbody temperatures are shown
in Fig. 4. Since the effect of self-broadening of CO; is small and can be neglected, these results

were calculated for CO> mole fraction of 0.5.

{Insert Fig. 4 here}

The k-distribution functions for H,O and CO, at 7, = 1000 K are shown in Fig. 5 for two blackbody
temperatures of 500 and 1000 K. These results indicate that the k-distribution function spans over
several orders of magnitude and does not vary smoothly with %, as discussed previously by Modest
[5]. To demonstrate the equivalence of ALBDF and the cumulative -distribution function g, the

molecular absorption cross section is converted to absorption coefficient using their relationship,

11



i.e., k= NYC with Y =1 and the results of ALBDF, F, and g are compared directly in Fig. 6. It is
evident that they are essentially identical. The very slight differences between F" and g can be
attributed to numerical error, since two different procedures were used in their calculations as

mentioned earlier.

{Insert Fig. 5 here}
{Insert Fig. 6 here}
Radiative transfer in isothermal and homogeneous H,O

In this case, the separation distance between the parallel plates is 0.1 m. The medium is pure water
vapor at 1000 K. The two walls are black and cold. Fig. 7(a) displays the distributions of the
radiative source term calculated by the SLW model using different numbers of gray gases between
3 and 20. It is noted that the SLW results of N, = 3 are not shown in Fig. 7(a) simply because they
are in such large error that they do not fit in the range of values in the figure. Results of the FSK
model using different numbers of quadrature points (3 to 12) are shown in Fig. 7(b). Also plotted in
Fig. 7 are the LBL results calculated from the HITEMP2010 database. It can be seen from these
figures that the accuracy of both SLW and FSK method improves with increasing the number of
gray gases or the quadrature points. To quantify the errors of the SLW and FSK results Fig. 8
displays the relative errors calculated as (Qapprox-O1LeL)Y OLeLx 100%, Where Oupprox is the source term
calculated from either SLW or FSK model and Q. is the source term from the LBL approach. For
the SLW model when the number of gray gases is equal to or greater than 12 a further increase in
the number of gray gases does not significantly improve the accuracy of the results, Fig. 8(a). The
same observation applies to the results of the FSK model when the number of quadrature points is
equal to or greater than 5 in this case, Fig. 8(b). These results clearly indicate that the FSK is more
efficient since it requires a fewer number of gray gases to reach a given level of accuracy, as
expected from the analysis presented earlier. It is observed from Fig. 8 that there is a systematic
discrepancy between the LBL results and those of both SLW and FSK models obtained at a large
number of grey gases or quadrature points, which is about 1.5% in the central region of the
enclosure. It is believed that this systematic discrepancy is due to the inaccuracy in the calculations
of ALBDF or g for H,O shown in Fig. 6(a) and the different spectral ranges in LBL calculations
(150 -9300 oB-J and the ALBDF and g calculations (0 — 30000 oE.J.

12



Additional calculations were also carried out for a large separation distance of L = 1 m. The relative
errors of the SLW and FSK models for different numbers of gray gases or quadrature points (not

shown) again indicate that the FSK model is more efficient.

{Insert Fig. 7 here}

{Insert Fig. 8 here}

Radiative transfer in isothermal and homogeneous CO;

The separation in this case is L = 1 m. The medium is pure CO; at 1000 K and the two walls are
again black and cold. Results of the SLW and FSK models for different numbers of gray gases or
quadrature points are compared with the LBL results in Figs. 9(a) and 9(b), respectively. The

corresponding relative errors of the SLW and FSK results are shown in Fig. 10.
{Insert Fig. 9 here}

{Insert Fig. 10 here}

It is interesting to observe from Figs. 9 and 10 that the SLW model performs similar to the FSK
model in terms of the accuracy. In fact, the SLW model is slightly more accurate than the FSK
model for a given number of gray gases. The reasons for the slightly better performance of the SLW
model than the FSK model in the calculation of radiation transfer in COs lie in the different spectral
structures of CO» and H,O absorption coefficient and how the SLW and FSK models handle the
‘clear’ gas. H,O absorbs in the entire infrared spectrum, while CO; absorbs in four distinct spectral
bands. Consequently, CO» has appreciable spectral regions where it is almost transparent, which is
also revealed in the different behavior of the F or g function of H,O and CO; shown in Fig. 6.
Because the SLW model deals with the ‘clear’ gas explicitly, which is more important in radiation
transfer in CO, than in H,O, this is why it performs well in terms of accuracy in radiation transfer
calculations in CO,. Another way to understand the relative performance of the SLW model and the
FSK model shown in Figs. 9 and 10 is to examine the efficiency of a Gauss quadrature. As shown
in Fig. 6(b) where g values less than about 0.25 at 7, = 7}, = 1000 K correspond to very small values
of absorption coefficients, which contribute negligibly to the total radiation intensity. In this

situation, a Gauss quadrature scheme in the FSK model does not offer the same advantage over the

13



integration over the absorption cross section space along with an explicit treatment of the clear gas

as for radiation transfer problems in H>O.

CONCLUSIONS

It is shown in this study that the SLW model is equivalent to the FSK model expressed in terms of
the full-spectrum k-distribution, but not the RTE in the FSK model expressed in the cumulative k-
distribution function. Although the cumulative k-distribution in the FSK model is equivalent to the
absorption line blackbody distribution function associated with the SLW model, the two models use
these two quantities in a different way. In the SLW model, ALBDF is used to evaluate the
weighting factor and the total intensity is obtained by integration over the absorption cross section.
On the other hand, the cumulative k-distribution function is used in the FSK method to evaluate the
total intensity through a Gaussian type quadrature scheme, which offers high accuracy with
relatively few quadrature points, and to implicitly determine the absorption coefficient. As a result
of using a Gaussian type quadrature scheme to perform numerical integrations, the FSK model is in
general more efficient than the SLW model to achieve a given level of accuracy when implemented
numerically. This is indeed the case for radiation transfer in H;O. In problems containing CO; only,
however, the two models perform very similar. The similar performance of SLW to FSK in
radiation transfer calculations in CO, can be attributed to the explicit treatment of ‘clear gas’ in the

SLW model.
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Figure 1. Schematic showing the discretization of the absorption cross section

and the corresponding wavenumber intervals of the SLW model.
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Figure 2. Schematic showing the multiple intersection spectral locations for an arbitrary

absorption coefficient k and the spectral intervals corresponding to a small variation of k.
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