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Abstract

calculation performance of the existing ones.
in literature, and provides suggestions how to improve the
properties are needed. This paper considers recent models available
Simple and computer attractive models for calculating radiation

1 Introduction

this paper.
computer intensive, but still useful, expressions are presented in
the most time consuming part in CFD analyses. Simple and less
time. The use of such models can make the radiation calculations
usually mean more involved models that need more computational
need to be modelled as accurately as possible. Accurate predictions
coefficient, and the particles absorption and scattering coefficients,
of the radiation calculations. Therefore, the gas absorption
thermal radiation calculation are of crucial importance for the result
influence the radiative heat transfer. The properties needed for
particles in a fixed bed, if a fixed bed combustor is considered,
particles) are formed when biofuels are burnt. Further, large
Absorbing gases (H20, COz, CO and C&) and soot particles (small
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2 Large particle absorption and scattering coefficients

The advantage of eqn (1) is that it is stable, Shin and Choi [l].
equation does not say anything about the emissivity of the particles.
the void fraction may change over the layer of particles, and the
of eqn (1) are that particles are not arranged so ideally in a real bed,
scattering is not present (os= 0), Shin and Choi [l]. The limitations
particle layer is assumed equal to the void fraction (Ed, and
grid. In addition, the fraction of radiation transmitted through the
under the assumptions that the particles are arranged in a regular
i.e., not soot like particles, is given by eqn (1). Equation (1) is valid
The absorption coefficient of large particles like wood particles,

K = - L . L n ( E J
d P

(emissivity of char).
0.45 and 0.5, and that the particle emissivity is equal to 0.75
(l/dp). Let us assume that the porosity of the bed vmes between
that equation. Further, both eqns (1) and (3) have dependence on
through inspection of eqn ( l ) one can see that the same is true for
related to the porosity of the bed and the size of the particles, and
extinction coefficient (p = os+ K) resulting from eqn (3) is only
coefficients of large particles can be expressed by eqn (3). Thus the
factor (S& given by eqn (2). Then the scattering and absorption
includes dependent scattering and absorption through a scaling
no ideal arrangement of opaque particles. Equation (3) also
(3) also includes the emissivity (E) of the particles and allows for
is given by eqns (2) and (3) ,Nilsson and Sund6n in [2].Equation
particles absorption coefficient, but also their scattering coefficient
Another simple but more accurate way to predict not only the large

{sf 1 0 . 3
S, = 1 . 0 + 1 . 8 4 ~ ( 1 - ~ , ) - 3 . 1 5 * ( 1 - ~ , ) ~+ 7 . 2 0 - ( 1 - ~ , ) ~
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K=1.5.&.(1-&f) .SR/dp

CY,=1.5.(1-~)-(1-~,) .S,  /d ,
(3)

fractions and emissivities.
chosen. Similar expressions can easily be obtained for other void
coefficient in eqn (4) by 3. The factor 3 is a result of the emissivity
particles are now easily gained by dividing the absorption
give the expression in eqn (4). The scattering coefficients of the
prediction of its value. A value of 1.70is chosen here, and this will
by a factor between 1.65 and 1.75 in order to obtain a better
porosity, the absorption coefficient in eqn (1) should be multiplied
matter, which also can be observed. Depending on the value of the
(1) and eqn (3), so the particle diameter chosen in Table I does not
mind that the influence of the particle diameter is the same in eqn
39.4% to 42.8% smaller than the values given by eqn (3). Keep in
assumed emissivity, the absorption coefficient given by eqn (1) is
From Table I one observes that for the porosities chosen and the

Ln(e,)K=--.

d P 0.45IE, I O . 5 0 E = 0.75
K . ( l - & ) K

CY, = ---

E 3

(4)

Table 1: Comparision between eqns (I) and (3).

3 Gas absorption coefficients

Equation ( 5 ) is a combination of the empirical formula by Kent and
investigations,e.g., Porterie and Loraud [3] and Al-Omari et al. [4].
An equation, eqn ( 3 , has lately been applied in some
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(EWBM) and those givenby eqn (5) is achieved.
between the values predicted by the exponential wide band model
and the concentrations of CO2 and H20, a better agreement
see that at high values of the temperature, the mean beam length,
values. h Table 2 a few cases are compared. From Table 2 one can
acceptable, but the part predicting the gas absorption gives too low
for the gas. The part predicting the soot absorption coefficient is
Honnery [ 5 ]for the soot, and that by Magnussen and Hjertager [6]

K = 0 . 1 * ( X c o 2 t XHzo)t 1862.f"* T ( 5 )

, I

computational time.h reality the upper limits are, e.g., vk = 15. An
infinite upper limits in the summations contribute to increase the
given to calculate a and p, see eqns (6) and (7) below. Further, the
EWBM may seem complicated due to the involved expressions
width-to spacing parameter), and ci) (bandwidth). The use of the
parameters are needed, i.e., a (integrated band intensity), p (line-
reason why they are treated here. In the EWBM only three
and Cl& are gases present in combustion of biofuels, and this is the
CO2 and H20 may be treated, but also CO and C&. CO2, H20, CO
in the prediction of the absorption coefficient. Further, not only
because local temperatures and local mean beam lengths are used
as a whole. Instead, the use of the EWBM can be an alternative,
Further, it is not easy to predict a temperature valid for the furnace
use of eqn ( 5 ) is not recommended as it comes to the gas part.
mean beam length of the hole furnace),Liu et al. [7].Therefore, the
prediction, than a global absorption coefficient does (based on a
on the mean beam length of a control volume) gives a better
fulfilled. It is well known that a local absorption coefficient (based
Thus, eqn ( 5 ) should only be used when the mentioned criteria are
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-,/m,so no polynomial is needed for c d o o ) . This is possible,
for each and every band as a function of temperature (m/00 =
computational needs, are to give polynomial fits of c d ~and y/yo
accuracy is concerned. A way to reduce the complexity and the
upper limit of 10 in the sums gives acceptable results, as far as

order of 10%for some cases, Lallemant and Weber [8].
and simplify the use of the EWBM, but this will give errors of the
polynomials (e.g., 4), would even more accelerate the predictions
(9), and the constants used are given in the appendix. Lower grade
the complexity. Thepolynomals have a form given by eqns (8) and
operations, which in turn will reduce the computational time and
carried out only once, and this will reduce the mathematical
a nice way, see Figures 1 to 9. The polynomial fits need to be
because the given values for c d ~and y/yo for each band behave in

1-
e - u k v k

/ - -l)!. v, !
(v, +g , 4

(g, -l)!-v, '

k=l  v ,=0 [ g ,

Y o
~ - b o + b , . T + b , - T 2 + b 3 ~ T 3 + b 4 ~ T 4 + b 5 - T 5 + b 6 - T 6(9)

a 0

~ = a , + a , . T + a , . T ' + a , . T 3 + a q . T 4 + a 5 . T 5 + a , . T 6 (8)

-
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4 Results and discussion

proposed by Edwards [9].
coefficients were calculated using the block approximation
length and concentrations of H20, CO2, CO and C&, absorption
For 145152 different combinations of the temperature, mean beam

0 1000 2000 3000 0 1000 2000 3000

Figure 1: a l ~ ~ T s .T for H20. Figure 2: cdG'7.s. T for COz.
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Figure 3: V.S. T for CO2. Figure 4: a/@V.S. T for CO.
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Figure 5: c d ~ ,V.S. T for Cl&.

summations.
and (7) with upper limits of 10 and 25, respectively, in the
computational times are 996 p and 2718 p , if one uses eqns (6)
using the polynomial fits given, is 71 ps. Corresponding
The mean time to calculate one value of the absorption coefficient,
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Figure 6: y/yo V.S. T for H 2 0 . Figure 7: y/yo vs . T for C O 2 .
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Figure 8: y/yo V.S. T for CO. Figure 9: y/yo vs . T for C€li

temperature increases, as is evident from Tables 3 and 4.
0.25 %. The general trend is that the errors will decrease when the
with their accompanied errors. The maximal error found is around
temperatures. In Table 3 some cases at low temperatures are given
The maximal error ((K~~~~-KEWBM)/KEWBM) occurs at low

Table 3: Error between the absorption coefficient given by the
polynomial fits and the EWBM, at 500 K.

X,, = 0.15
&o = 0.05
Xcoz = 0.15
Xmo = 0.05

L,,, = 0.2 m
L = 2 m
L=10m
L = 2 m

T=500K
T=500K
T=500K
T=500K

Error = 0.00214
Error = 0.00229
Error = 0.00168
Error = 0.00102

Table 4: Error between the absorption coefficient given by the
polynomial fits and the EWBM, at 1000K.

1 Xmo =0.05 1 = 2 m 1 T=lOOOK 1 Error = -0.000005

Xco = 0.05
&m = 0.15

Error = -0.000136
1 L = l O m 1 T=lOOOK 1 Error = -0.000184

L = 2 m 1 T=lOOOK 1
1 X C H ~= 0.15 1 L = 0 . 2 m 1 T=lOOOK 1 Error = -0.000080
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5 Conclusions

no change in the calculated valuesof the absorption coefficient.
the computational time by a factor of at least ten, but with almost
presented in forms of polynomial fits. The polynomials decrease
Finally, a simplification of the exponential wide band model is
concentrations are high and when the mean beam lengths are large.
only gives acceptable results when the temperatures are high, the
the gas absorption coefficient, see eqn (5). The gas term, in eqn ( 9 ,

presented. Magnussen and Hjertager presented an expression for
consideration. Further, the belonging scattering coefficient is
(l), is improved so that multiple scattering is taken into
The expression for large particles given by Shin and Choi, i.e., eqn

Notation

Table 5: No

volume fraction
d, [m] 1 particle diameter
f.. r-1

effective pressure
mean beam length
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Appendix

b6,for each band for the gases HzO,COz,CO and C€&.
Tables 6 to 9 in the appendix below give the constants to a6 and bo to
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Table 6: H z O , polynomial coefficients for a l ~and V y o . W

I az I l
d

a0 al as a4 a5 a,

Table 7: CO, polynomial coefficients for c d ~and y/yo. c-..

h I c6 I I ala0 a2 a3 l a, as l I 3a,
20.9.10’ 1

235.10” 0.14.105 1.020285794281 -7.486578190246.10” -6.818529849087~10~*4.095847899995.10-io-2.4796821471lO,lO-’~6.336234156564.10-1’ -6.088738783077~10-z1
h ?lo b o

4.70.10”

h

0

b 2

0

b3

0

b 4

0

bs

0

b s

0
2
e
$5

0.07506 0.9806280043466 -2.195755290821.105 3.661010331308~10“ -2.831451057364.10-91.193397045067.10-12-2.604132146506~10~’62.298081740722~10”o
2.35.10- 0.16758 0.9897071095516 -2.294310251228.10” 3.971164022386~10” -3.051679360365.10-91.276040452656~10-1z-2.767207734015.10-162.430808279383~10~z”
4.70.104

Table 8: CO?. Dolvnomial coefficients for cdcxn and W n .
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Table 9:Cl%. Dolvnomial coefficients for dccnand v h .-, L , I I"
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