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Abstract

Different approaches to employing weighted sum of grey gases data in line of sight solutions to the radiative
transfer equation (RTE) are compared for mixtures of combustion gases and soot. Responses to variations in soot
loading are analysed across configurations comprising uniform and non-uniform properties and compositions.
Relative to a differential banded transmissivity solution, a weighted sum of grey gases (WSGG) solution, which
solves the RTE for each grey gas component, yields greater accuracy than a total property (TP) solution. The latter
evaluates radiative properties on a cell-by-cell basis for application in a single equation. However, accuracy of the
TP solution is shown to improve with increasing soot loading. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The transfer of energy by thermal radiation is a
highly complex multi-dimensional phenomenon. A
detailed computational solution of the equation
describing this process of energy transfer—the radia-
tive transfer equation (RTE)—is prohibitively expens-
ive. Thus, when radiative energy exchange is
incorporated into computational fluid dynamics (CFD)
simulations of combusting media [1], approximate sol-
utions of the RTE must be used, and available levels
of computing power primarily determine the degree of
approximation. This paper presents a comparison
between two methods for employing weighted sum of
grey gases data to solve the RTE within the discrete
transfer radiation model (DTRM) [2]. The first
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involves a weighted sum of grey gases (WSGG) sol-
ution to the RTE [3] which models the non-grey
characteristics of emission and absorption by solving
separate transfer equations for each grey gas com-
ponent. In contrast, a more approximate method
which does not take account of the non-grey behaviour
of thermal radiation, the total property (TP) solution,
solves one equation along each line of sight with radia-
tive properties encapsulated in a single (total) emissiv-
ity for each elemental path.

A number of methods for solving the RTE were
reviewed in [4]. Luminous and non-luminous radiation
were considered across both homogeneous and non-
homogeneous paths. However, this treatment was pri-
marily directed at the prediction of total flame emissiv-
ity with little consideration of coupled flow-radiation
calculations. A more extensive review of radiation heat
transfer was provided in [5] which included a survey of
global radiation models. Nonetheless, there were no
references to detailed analyses of modelling techniques
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Nomenclature

grey gas polynomial weighting coefficient
radiative intensity, kW/m?/sr
radiative intensity, kW/m?/sr/cm
absorption coefficient, m™"
partial pressure, atm
s’, 8" distance, m
temperature, K
weighting of radiative intensity, sr.

TR AR

Greek symbols

€ emissivity

G Stefan—Boltzmann constant, kW/m?/K*
T transmissivity

P soot volume fraction.

Subscripts

b black body quantities

c carbon dioxide

h water

j spectral band or grey gas component
m ray descriptor

n, r, r' computational grid cell
final cell in path
particulate

source temperature
wave number

origin of path.

O<V"52

Superscripts
c correlated solution
T total property.

within a particular radiation model. Such analysis has
been performed for the discrete ordinates [6,7], the
Monte Carlo [8] and the discrete transfer [9—12] radi-
ation models; and the results presented here comp-
lement this body of work.

The DTRM has been particularly widely used for
modelling various combustion media [13], largely due
to the fact that it does not obscure the physical nature
of thermal radiation by its mathematical treatment.
Generally, it has been applied in coupled fluid
dynamics heat transfer calculations by employing a
total property (TP) solution [14,15] as described below.
Alternatively, data from flow field simulations have
been post-processed [10,16]. Reference [10] is especially
pertinent in the present context since the flow field sol-
ution obtained using a grey DTRM calculation was
then used to compare a narrow band and a weighted
sum of grey gases model predictions of surface and
volumetric flux. Good agreement was observed for the

case of a hot medium surrounded by relatively cold
walls. More recently, Bressloff et al. [11,12] presented
detailed analyses of various algorithms in their devel-
opment of the differential total absorptivity (DTA) sol-
ution to the radiative transfer equation for application
in the DTRM. Although superior accuracy of the
DTA solution was demonstrated relative to the
WSGG solution, the accompanying order of magni-
tude cost penalty of the former, suggested that the
WSGG solution may offer the best compromise
between accuracy and cost with current levels of com-
puting power. However, this assertion requires knowl-
edge of the relative merits of the WSGG solution and
the more approximate TP solution.

Attention is initially focused upon line-of-sight sol-
utions to the RTE which facilitates an assessment of
individual algorithms without obscuring their perform-
ance by features of the DTRM. A significant difference
in performance is identified between the WSGG and
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TP solutions through an analysis of the radiative inten-
sity variation across uniform gas—soot mixtures com-
prising varying concentrations of soot. The solutions
are then compared across non-isothermal, non-homo-
geneous mixtures again possessing different levels of
soot loading. Finally, the same non-uniform mixture
profiles are adopted in an assessment of the solutions
as applied in the DTRM. In all cases, only emitting—
absorbing media are considered comprising CO,, H,O
and soot. The neglect of scattering is justifiable for
combustion environments where soot particles are
small relative to the wavelength range of thermal radi-
ation [13]. Grosshandler’s computer code, RADCAL
[17] employing the statistical narrow band model [18]
is used here as the benchmark for comparing the more
approximate methods.

2. Theory

For emitting—absorbing media, the RTE can be writ-
ten as

i(s) = J iv(0)t,(0—s) dv

+JOOJ ib (s )5TV(S —) ds" dv

0

(1

where the transmissivity across a path from s to s’ is
defined by

S

T,(s'—s) = exp( - J

s’

ko(s") ds”) @)

For a grey, homogeneous medium, Eq. (2) simplifies to
a recurrence relation expressing the intensity at the end
of a path in terms of that at the start

in = inflTN + ib,N(] - TN) (3)

The total transmissivity, ty, and the black body inten-
sity, iy y, are assumed constant for the Nth control
volume.

If Eq. (3) is expanded back to the origin of its path,
the intensity at a point is expressed as

n—ZO 1_[T)+Zlblcl 1—[ Ty (4)

r'=r+l

Eq. (4) represents a constant absorption coefficient
(CAC) solution to the RTE such that, for constant
values of k, the transmissivity is given by
T.=exp(—kl/)=(1—¢,). As a new cell in a path is tra-
versed, the transmissivity product for each upstream
cell is multiplied by the transmissivity of the new cell.
Whilst this approach is attractive computationally, it

Table 1

Absorption and weighting coefficients for the weighted sum of
grey gases model due to Truelove [20]—partial pressure ratio
of CO,—H,0 equal to 0.5. In Eq. (5), a,,(T)=b,+b,T

n n b byx 10° kg, (m™"atm™") kp, (m~* kg™
1 1 058 —0.2401 0.0 541
1 2 —0.165 0283 0.0 2749
2 1 0412 —0.1665 0.89 541
2 2 —0.127 02178  0.89 2749
31 02375 —0.0941 155 541
3 2 —0.0105 0.0265 155 2749
4 1 0.0585 —0.0243 239.0 541
4 2 0.0065 —0.0027 239.0 2749

fails to address the multi-dimensional dependence of
radiative exchange on local properties, on the history
along a line-of-sight, and on the non-grey character of
thermal radiation. Other than under uniform con-
ditions, the use of a constant absorption coefficient
throughout a domain can generate unacceptable errors
particularly if the most appropriate value is not
employed. Often, a reasoned ‘guess’ has to be made. It
is also possible to use a number of absorption coeffi-
cients on a zone basis [19].

2.1. Total property solution

The total property solution to the RTE represents
an improvement over the CAC solution in that it
includes the dependence of thermal radiation on local
properties. Thus, it applies Eq. (4) with values of trans-
missivity and emissivity evaluated for each element in
a path. Any radiative property model can be used. In
the comparisons presented below, both the weighted
sum of grey gases model and the narrow band model
are employed. WSGG coefficients from [20] are used to
evaluate total emissivities

T = Z an,n’(T){l

nn'

- eXp[_kg,n[ph +17C] - kp,n’pp(p]L} (5)

which incorporates eight components. Values for these
coefficients are tabulated in Table 1 for a partial press-
ure ratio of CO,—H,0 equal to 0.5. The subscripts n
and n’ signify individual soot and gaseous components,
and the temperature polynomial coefficients are such
that Eq. (5) reduces to the soot free and soot dominant
limits. Henceforth, each pair of these values is rep-
resented by a single value. Other sets of coefficients are
available in [3] and [21].

When using the narrow band model, total emissivity
is evaluated from
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eT=1—rT=1—J ib(T,v)%Avdv/J in(T,) dv (6)
0 0

where, for a single homogeneous element, the band
transmissivity is given by the product of transmissiv-
ities of all contributing species [17].

2.2. The weighted sum of grey gases solution

Whilst the TP solution incorporates the dependence
of radiative properties on temperature and compo-
sition, it ignores the non-grey character of emission
and subsequent absorption. In contrast, the WSGG
solution models all of these dependencies by solving
separate transfer equations for the distinct grey com-
ponents, each one of which comprises a group of rela-
tively wide bands [22].

Thus, although the weighted sum of grey gases prop-
erty model was originally devised to simply represent
the total emissivity of combustion gases, it can also be
applied in a line-of-sight solution to the RTE if Eq. (4)
is solved for each grey gas, with the black body inten-
sity pre-multiplied by the corresponding weighting
coeficients [3]. So, for the jth grey gas

n n n
iin =0y [ [1r + D | @ioscir [T v @)
r=1 r=1

r'=r+l

where transmissivities, t;,, emissivities, ¢;,, and the
black body intensity, #,,, are evaluated using mean
properties across individual elements, assumed con-
stant for each element. The total intensity, i,, is then a
summation of that contributed by each grey gas. For
black boundaries, the emitted radiation, iy, is given by
the black body intensity multiplied by the a; coefficient,
both evaluated at the boundary temperature. Eq. (7)
has been applied to measured line-of-sight profiles of
temperature, gas and soot concentrations in a furnace
[23]. Predictions from the WSGG solution closely
matched the radiative intensity measured by a narrow-
angle probe, progressively withdrawn through the
flame, and sighted on a target having a known leaving
intensity. Such line-of-sight calculations are useful for
assessing the accuracy of different algorithms in prep-
aration for their use in a global radiation model.

In the DTRM, radiative energy exchange is evalu-
ated by solving the RTE along individual lines-of-sight
between boundary surface elements, and summing the
contributions from the associated rays to surface and
volumetric fluxes [2]. With black boundaries, it is a
fairly straightforward procedure to apply Eq. (7) along
each ray, since the initial intensity does not include
any reflected radiation. However, when boundaries are
grey, separate expressions are required for the incident
radiation of each grey gas, so that the reflected frac-
tion in the individual transfer equations results solely

from irradiation due to the same component.
Therefore, at every surface, for each grey gas, the inci-
dent intensity must be summed across all impinging
rays. Thus, the initial intensity of the jth grey gas is

M
ioj = |:af(T0)€00’T3 +[1 — €] Z Wmim,j:|/n ®)

m=1

where the summation represents the total incident flux
for the jth gas. The weighting coefficients, w,,, derive
from the method of spatial discretisation [24].

2.3. The differential banded transmissivity (DBT)
solution

When Eq. (4) is written for a particular wave num-
ber, the spectrally correlated intensity across a band-
width 4v is

. 1 Vv+(4v/2) n
= — ] 0 r
L, AVJ lv( ) DTV,

v—(4v/2)

©)

+ i|:ib,v,r6v,r ﬁ Tv,r/i| } dv
r=1

r'=r+l

The correlation between emission and absorption is
such that the history of every line emission must be
traced. Downstream volumes in a path may or may
not absorb energy from particular lines, and further
emission may overlap other lines completely, partially
or not at all. Clearly, the high resolution structure of
the spectrum prohibits a complete representation of
the correlation between intensity and absorptivity for
engineering calculations. However, poor performance
has been demonstrated [25] for a non-correlated sol-
ution

J

n n n
iy = Z[iOJ]—[%_,,,+ Z[th,-,,z,;r I1 fj.r}Av} (10)
r=1

Jj=1 r=1 r'=r+l

where the strength, shape and distribution of individ-
ual lines was modelled by band descriptions of the
spectrum, and mean values of intensity and transmis-
sivity were used for each band.

The previous two algorithms focus on the recurrence
interpretation of the RTE. If, however, the differential
transmissivity in Eq. (1) is expanded, for each spectral
band, as a finite difference at all upstream locations,
the intensity becomes



N.W. Bressloff | Int. J. Heat Mass Transfer 42 (1999) 3469-3480

25
DBT (SNB)
= e  WSGG
520 x TP (SNB)
€ o TP (WSGG)
= |- CAC (k=0.50)
1‘;154 — — - CAC (k=0.25)
§ QQQQQ
2 R %
<10 '
2 o
8 8%
B s
N g
gt
e I
0 02 04 06 08 1
distance (m)
(c)
25
520
[sV]
E
= g a®®
51157 RQQRQ _
> Q ..o'/
g RR ,.’-'./ -
Al
*OE-.')“O* “Q ”. pd
[ L
g | 7
35 &
= |- CAC (k=2.00)
/7 |~ — - CAC (k=1.50)
0

T T
0 02 04 06 08
distance (m)

1

3473

(b)

25
————— CAC (k=1.00)
B0 [ - CAC (k=0.50)
(V]
E
=
15 .
B e2%%
C 951
2 2
E10 RQQ
(] 3
= R
R 8 .
.8 5‘ QR . — -
— R P g —
R ~
«’ ~
~
0

T T I T
0 02 04 06 08 1
distance (m)

4
T

—_
o
|

T

radiative intensity

, CAC (k=10.00)
/|~ — - CAC (k=5.00)

0

T T I T
0 02 04 06 08 1
distance (m)

Fig. 1. Line-of-sight comparison between the WSGG and TP solutions to the RTE across a uniform CO,—H,O layer for various
soot loadings: (a) @=0.0; (b) ®=1.0e—7; (c) 1.0e—6; (d) 1.0e—5.

J
iy = E iO,jTO—m,j

=

n
+ Zl_b(Tij)[%r—m,j - %r—l—rnj]AVj:| (11)
r=1

For combustion gases, it has been shown that division
of the spectrum into 5-25 cm™' wave number intervals
can facilitate the use of narrow band data in banded
solutions to the RTE [17]. Thus, mean band transmis-
sivities are evaluated from a narrow band gas property
model. The transmissivity difference across an
upstream cell is evaluated across paths from the lead-

ing and trailing edges of that cell. In Eq. (11), ¢,
denotes the value of a property, ¢, across a path
where a and b signify the initial and final points in the
path, respectively. The spectral black body intensity

20}

;b(Ts;Vj) = m (12)

is evaluated at the centre of a band and midway
between each path origin. C; and C, represent
Planck’s first and second constants, respectively.
Non-uniformities are normally treated by scaling the
band parameters used to calculate the transmissivity.
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When bands comprise more than one species, the
transmissivity is calculated as the product of the indi-
vidual species transmissivities. Eq. (11) represents the
differential banded transmissivity solution to the RTE.
The initial intensity, iy, is modelled in a similar way
to that for the WSGG solution. For the jth band it is

M
l'01/ = 6()Zb(’z—'()ﬂ{/')AVj + [1 - EO] Z Wmim,j (13)
m=1

where the summation represents the total incident radi-
ation within the band for all rays. Since solid wall
radiation is treated as grey, account must be taken of
the wings of the spectrum outside which the medium
radiation is assumed to be negligible. This is accom-
plished by treating the wings as a separate band and
applying Eq. (13) with the first term replaced by

oT4 I
€ TO — ) 1p(Tov))dv; (14)

J=1

3. Analysis

The following analysis principally compares the
WSGG and TP solutions to the RTE relative to the
differential banded transmissivity solution employing
the statistical narrow band (SNB) model described
above. Additional information is provided by appro-
priate constant absorption coefficient solutions.
Initially, comparisons are made for single line-of-sight
calculations across uniform and non-uniform mixtures.
The non-uniform configurations are then analysed in a
full DTRM calculation between solid walls.

3.1. Radiative intensity variation across uniform
mixtures

The variation of radiative intensity across a selection
of gas—soot mixtures is depicted in Fig. 1. In all cases,

T=1000K; py=2p.=016; L=10m

and the soot volume fraction takes the values 0.0;
1.0e—7; 1.0e—6; 1.0e—5. The CAC solutions are
included to demonstrate the increasingly grey character
of the other solutions produced by raising the soot
concentration. In the absence of soot, no absorption
coefficient produces a satisfactory representation of
gaseous radiation.

The TP solutions performed using weighted sums of
grey gases and narrow band property models agree
very closely with each other. However, both of them
produce increasing differences (with reduced soot load-

ing) relative to the banded and grey gas component
solutions.

Application of the TP solution to uniform paths
generates equal cell-based absorption coefficients, and
is therefore akin to a CAC solution, but with the
absorption coefficient evaluated from local properties.
Hence, radiation is treated as grey. The corresponding
absorption coefficients for the TP solutions are ap-
proximately 1.4, 1.6, 3.2 and 15.7. However, molecular
gases are non-grey, due to the distribution of absorp-
tion and emission lines of widely varying strengths and
shapes which produce preferential self-absorption
across the spectrum. Consequently, overall absorption
across a path is likely to be under-estimated, as high
absorptivity in particular regions of the spectrum is
averaged across the whole spectrum. This characteristic
can be demonstrated by considering the emitted inten-
sity along a line-of-sight across a uniform path for two
arbitrary bands (a and b) having different strengths
(e, €p) and transmissivities (t,, 75). The intensity across
two equal path lengths evaluated by separate treatment
of each band is given by

ibanded = [ea(l - 752,) + eb(l - T%)] (15)
If, instead, a total transmissivity is defined as
TT = (Taea + Tbeb)/(ea + eb) (16)

the intensity becomes

o = (e +€p)(1 — (z")?) (17)

Simple algebraic manipulation then leads to

ftotal — foanded = €4€h(Ta — Tb)z/(ea +ep) (18)

such that il = fpandea. Thus, unless 1, = 15, the use of
total properties over-predicts intensity for the two
bands emitting (and absorbing) across two identical
path lengths. The same conclusion naturally follows
for the entire spectrum since the same reasoning can
be applied to an ensemble of band pairs. Despite this
indictment of the total property solution, it has been
commonly employed in the DTRM with total proper-
ties evaluated from the weighted sum of the grey gases
property model [14].

Although the TP solution is essentially flawed, Fig.
1 demonstrates that its accuracy improves as the soot
loading in gas—soot mixtures is increased. Experiments
have demonstrated [26] that the single grey gas ap-
proximation becomes an increasingly good approxi-
mation of soot radiation as soot concentrates
increases, thus validating the TP solution when gas
radiation is dominated by that from soot.

The features just described are now investigated for
non-uniform mixtures possessing property variations
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Table 2
Temperature—partial pressure configurations. L= 1.0

Configuration Temperature (K) Partial pressure
of CO, (atm)

A 4000s(L—s )+ 800 0.4s(L—s)+0.06

B 4000s(s—L )+ 1800 0.4s(s—L)+0.16

characteristic of flames. These configurations are sum-
marised in Tables 2 and 3.

3.2. Radiative intensity variation across non-uniform
mixtures

In Fig. 2(a), the variation of radiative intensity is
shown across a 1 m line-of-sight through a CO,—H,O
mixture represented by configuration A (Table 2).
Negligible differences occur between the WSGG and
DBT solutions, both increasing through a point of in-
flection to a maximum close to the end of the line-of-
sight. The decrease in intensity results from an increase
in absorption over emission in the cooler, less dense
outer edges of the path. Absorption coefficients of 0.25
and 0.75 bracket these solutions, but no value in this
range satisfactorily captures the full shape of the pro-
files. The TP solutions, represented by an absorption
coeflicient just greater than 1.0, exhibit the same over-
all profile variation, but over-predict intensity by over
100% at locations beyond the mid-point of the line-of-
sight.

The influence of soot is investigated by adding two
concentration variations to configuration A. Generally,
when the soot loading imposed on a gas mixture is
increased, the overall radiative behaviour is dominated
by the increasingly grey characteristics of soot. This is
confirmed in Fig. 2(b) which shows the effect of a rela-
tively heavy loading given by configuration As,
@ =[405[1.0—s]+6] x 1077, comprising a maximum of
@=1.6 x 107° on the centre line. Now, the TP solution
agrees very closely with the DBT and WSGG sol-
utions. An absorption coefficient of 5.0 in the CAC
solution accurately represents all predictions. Due to
the high soot concentration at the centre of the path,
the intensity increases rapidly to a maximum which is

Table 3
Soot volume fraction configurations. L=1.0

Configuration Soot volume fraction

As [40s(L—s)+ 6] x 1077
Bs [40s(L—s)+6] x 1078
Cs [4s(s—L)+1.6] x 107°
Ds [4s(s—L)+1.6]x 1077
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Fig. 2. Comparison between the WSGG and TP solutions to
the RTE for configuration A across a CO,—H,O layer for var-
ious soot loadings: (a) no soot; (b) configuration As (high
concentrations); (c) configuration Bs (intermediate concen-
trations).

almost five times greater than in Fig. 2(a).
Additionally, the turning point is located closer to the
centre line. Subsequently, the cooler, less dense outer
edges exhibit considerable absorption as the intensity
decreases to almost half of its peak value.

Since a low soot loading applied to configuration A
has a minimal effect on the results (and associated con-
clusions) shown in Fig. 2(a), the other soot concen-
tration variation considered here is representative of
an intermediate range of soot loading. Under a variety
of uniform conditions, an appropriate range has been
identified to be approximately centred at a value of
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Fig. 3. Comparison between the WSGG and TP solutions to
the RTE for configuration B across a CO,-H,O layer for var-
ious soot loadings: (a) no soot; (b) configuration Cs (high
concentrations); (c¢) configuration Ds (intermediate concen-
trations).

®L=10"" m [27]. In order to encompass this range in
the present analysis, a soot concentration variation is
adopted given by configuration Bs, @ =[40s[1.0—s]+ 6]
x 107 possessing a maximum centre line value of
@=1.6 x 1077 The intensity variation across configur-
ation A combined with this intermediate soot loading
is shown in Fig. 2(c). Relative to the intensity variation
depicted in Fig. 2(a), the gradient of the profile either
side of the inflection point is increased, and the final
value of radiance is approximately double that shown
for the gas mixture without soot. Although the pre-

sence of soot reduces errors produced by the TP sol-
utions relative to the case of zero soot loading,
significant errors (greater than 30%) are still evident.
The TP solutions are represented by an absorption
coeflicient of 1.6, whilst a value of approximately 0.8
defines the DBT solution reasonably well.

The foregoing configurations are characteristic of
non-premixed diffusion flames produced by an inner
fuel core inflow, surrounded by an outer oxidant
stream. A very different set of profiles characterise
flames propagated by a core oxidant stream and a con-
centric fuel stream. Under these conditions, radial pro-
files of temperature and concentration increase from a
minimum on the centre line to a maximum in the fuel
stream. A simplified representation of this system is
given by configuration B for temperature and the par-
tial pressures of CO, and H,O (Table 2). The line-of-
sight radiative intensity variation across this configur-
ation is shown in Fig. 3(a). Since the coolest tempera-
ture and lowest gaseous concentrations are located at
the centre of the path, the initial hot, high density
region produces high emission, but a point is quickly
reached whereby the cooler, less dense region absorbs
more than it emits. Thereafter, absorption and emis-
sion are effectively balanced until increasing density
and temperature at the far end of the path culminate
in further augmentation of the radiative intensity.

Figs. 3(b) and (c) show the effect of adding heavy
and intermediate soot loadings to the gas mixture.
These are given by configuration Cs, @ =[4s[s—1.0]
+1.6] x 107°, and Ds, ®=[4s[s—1.0]+1.6] x 1077, re-
spectively. In Fig. 3(b), the characteristic shape of Fig.
3(a) is significantly accentuated by the rapid increases
in emission at the edges of the line-of-sight, and by a
clearly defined central region of net absorption. An in-
termediate soot loading has a less marked effect on the
profile as shown in Fig. 3(c).

For all three mixtures, the WSGG solution accu-
rately predicts the DBT solution, and the TP solutions
over-predict net emission in similar proportions to
those observed for configuration A. Although each
mixture appears to be defined by similar absorption
coefficients to the ones used in the previous analysis,
the heavy soot loading intensity variation could not be
captured to the same level of accuracy. An absorption
coefficient of 5.0 defines the initial maximum intensity,
but then significantly under-predicts net absorption. In
contrast, an absorption coefficient of approximately
2.5 greatly under-predicts intensity at the start of the
path, but better predicts the minimum turning point.

Having demonstrated considerably different predic-
tions by the WSGG and TP solutions applied to indi-
vidual lines-of-sight, it is now necessary to assess their
performance in a full DTRM calculation. For this pur-
pose, the same mixtures are analysed bounded by infi-
nite parallel walls. In all cases, the boundaries are
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Fig. 4. Comparison of the WSGG and TP solutions for the
prediction of volumetric flux variation across CO,—H,O-soot
mixtures between cold black walls (configuration A): (a)
heavy soot loading (configuration As); (b) intermediate soot
loading (configuration Bs).

isothermal at the same temperature as the extremities
of the mixture. Heavy and intermediate soot loadings
are combined with configurations A and B, in predic-
tions of the volumetric radiative flux between both
black and low emissivity (¢=0.25) walls. The layer is
divided into 20 elements, and 16 rays are launched
from each wall. Differences of less than 1% were pro-
duced by increasing the grid and/or the ray number
resolution.

3.3. DTRM calculation between cold walls

For configuration A with walls at 800 K, the hot
mixture is a net emitter of radiation. The relatively
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Fig. 5. Comparison of the WSGG and TP solutions for the
prediction of volumetric flux variation across CO,—H,O-soot
mixtures between cold low emissivity walls, € =0.25 (configur-
ation A): (a) heavy soot loading (configuration As); (b) inter-
mediate soot loading (configuration Bs).

cool edges, however, absorb a proportion of this
energy before it arrives at the walls. This energy
exchange yields the radiative source variation shown in
Figs. 4 and 5. For e=1.0, all of the mixture radiance is
absorbed by the walls. When the walls have low emis-
sivity, there is greater absorption by the mixture since
a large fraction of radiation from the hot region is
reflected at the walls. Consequently, higher wall reflec-
tivity reduces the net emission from the mixture.

The radiative source variations between black
boundaries are shown for heavy and intermediate soot
loadings in Figs. 4(a) and (b), respectively. Relative to
the intermediate soot loading, greater net emission
from the high soot concentration produces increased
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Fig. 6. Comparison of the WSGG and TP solutions for the
prediction of volumetric flux variation across CO,—H,O-soot
mixtures between hot black walls (configuration B): (a) heavy
soot loading (configuration Cs); (b) intermediate soot loading
(configuration Ds).

net absorption at the edges. A similar effect is pro-
duced by the TP simulation shown in Fig. 4(b), since
the over-prediction of emission either side of the centre
line leads to an over-prediction of net absorption in
the cooler, less dense regions. Under heavy soot load-
ing, this failing of the TP solution is almost indiscern-
ible. The source term variation in Fig. 4(a) is
accurately modelled by the TP solution. Close agree-
ment is also produced for most of the layer by a CAC
solution with an absorption coefficient equal to 5.0.
Similar characteristics apply to the prediction of
source term variation between low emissivity walls as
shown in Fig. 5. However, in addition to an overall
increase in net absorption by all solutions as explained
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Fig. 7. Comparison of the WSGG and TP solutions for the
prediction of volumetric flux variation across CO,—H,O-soot
mixtures between hot low emissivity walls, ¢=0.25 (configur-
ation B): (a) heavy soot loading (configuration Cs); (b) inter-
mediate soot loading (configuration Ds).

above, the TP solutions generate slightly larger errors
than the calculations performed for black boundaries.

3.4. DTRM calculation between hot walls

When configuration B is applied between walls at
1800 K the mixture becomes an overall absorber. The
greatest net absorption occurs approximately one fifth
of the distance from each wall, thus generating the M-
shaped radiative source variation shown in Figs. 6 and
7. Since maximum net absorption does not occur in
the coolest, least dense regions, this profile serves to
emphasise the complex dependence of radiative beha-
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viour on phenomena which compete to redistribute
energy.

In the black wall case, only a narrow region of the
mixture adjacent to the walls emits more radiation
than it absorbs. This region expands for the mixture
between grey walls, and the absolute value of this loss
increases due to the low emissivity of the walls. In con-
trast to the near wall effects for configuration A, radi-
ation from the walls is now dominated by the high
temperature of the walls as opposed to reflection of
high temperature radiation from within the mixture.

Heavy soot loadings shown in Figs. 6(a) and 7(a)
produce greater net emission close to the boundaries
than is produced by the intermediate loadings shown
in Figs. 6(b) and 7(b). Therefore, a higher energy flux
flows into the interior of the layer, which, being of a
greater density, absorbs more strongly than when there
is a lower concentration of soot.

As before, the total property solutions over-predict
both emission (in hot dense regions), and absorption
(in locations of relatively low concentration and tem-
perature). For the intermediate soot loading, errors in
excess of 100% are produced at most locations, but
significant errors are only evident for the heavy load-
ing in the regions of net emission close to the walls.

Errors in the prediction of volumetric radiative flux
has important implications for the simulation of real
engineering systems. First, the prediction of highly
non-linear pollutant formation is such that small errors
in flow field temperature—which is dependent on volu-
metric radiative flux—can produce large errors in the
mechanisms used to describe these processes. Second,
the radiative flux to boundary surfaces is determined
by the volumetric radiative flux, but care must be
taken when assimilating wall fluxes since a cancellation
of errors can occur if over-prediction of emission in
one region is balanced by over-prediction of absorp-
tion in another. This is the case in the total property
solutions for intermediate soot loadings shown in Figs.
4-7. Thus, large errors in volumetric radiative flux
may or may not be evident in the distribution of radia-
tive flux at boundary surfaces.

4. Conclusions

This paper has assessed the influence of soot when
employing weighted sum of grey gases data in sol-
utions to the radiative transfer equation. Individual
line-of-sight calculations and the line-of-sight formu-
lation of the discrete transfer radiation model have
demonstrated that, for a wide range of soot loadings,
the TP approach, which solves a single RTE having
evaluated absorption coefficients from local properties
on a cell-by-cell basis, can produce unsatisfactory
simulation of complex radiative behaviour. However,

accuracy of the TP solution does improve with increas-
ing soot loading. In contrast, a WSGG solution to the
RTE, incorporating a summation of separate solutions
for each grey gas, yields close agreement with a narrow
band, differential banded solution, even for low con-
centrations of soot.

Whilst current levels of computing power still miti-
gate against performing differential banded solutions
within a full computational simulation of combusting
flow fields, they are now at a level to permit the use of
the WSGG solution in the discrete transfer radiation
model. Thus, although the TP solution is less computa-
tionally expensive than the WSGG solution, and the
TP solution can yield good accuracy in regions of high
soot concentration, the analysis presented above has
demonstrated that it is considerably more accurate to
use the weighted sum of grey gas data in the WSGG
solution. Further work is required to reinforce these
results when the different solution strategies are
applied to experimentally validated combustion sys-
tems, and to assess the effect of radiative flux predic-
tion on other modelled processes, especially pollutant
formation.
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