
Turkish J. Eng. Env. Sci.
26 (2002) , 49 – 58.
c© TÜBİTAK
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Abstract

Radiative heat transfer in the freeboard of the METU 0.3 MWt atmospheric bubbling fluidized bed
combustor (ABFBC) test rig was analyzed by applying one of the most accurate radiation models, the zone
method of analysis, to the prediction of incident radiative heat fluxes on the side walls. The accuracy of the
method was tested by comparing its predictions with measured incident radiative fluxes on the walls. The
freeboard was treated as a 3-D rectangular enclosure containing gray, absorbing, emitting and isotropically
scattering medium. Data for application and validation were generated from METU 0.3 MWt ABFBC
burning lignite in its own ash. Comparisons revealed that the zone method of analysis reproduces the wall
fluxes in the freeboard of fluidized bed combustors containing particle-laden combustion gases reasonably
well. The sensitivity of predicted heat fluxes to the presence of particles was also examined and found to be
insensitive at low particle loads typical of bubbling fluidized bed combustors.
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Introduction

Radiative heat transfer in an absorbing, emitting,
scattering medium is an important aspect in many
practical engineering problems such as the model-
ing of energy transport in combustion chambers and
furnaces. In fluidized bed combustion, the efficiency
depends upon the heat recovered in the freeboard re-
gion, where the dominant component of heat trans-
fer is radiation to which the major contributor is
the emittance from combustion off-gases and fly-ash
particles. Therefore, the modeling of the radiative
heat transfer in such systems necessitates an accu-
rate knowledge of the radiative properties of the
particle-laden combustion gases. Calculation of the
radiative properties, on the other hand, requires in-
formation on temperatures and gas composition as
well as particle concentration, composition, shape
and size distribution.

Difficulties encountered in obtaining such data

from industrial scale units lead to the use of small
scale test rigs equipped for measurements. A pi-
oneering study on the measurement of the emis-
sivity and transmissivity of particle-laden combus-
tion gases in the freeboard of a simulated atmo-
spheric bubbling fluidized bed combustor (ABFBC),
where silica sand is fluidized in propane-air combus-
tion products, has been performed by Lindsay et al.
(1986). It was reported that the dominant compo-
nent of heat transfer is radiation from particle-laden
combustion gases. The investigation was extended
to the prediction of the effect of scattering on the
emissivity of the particle hold up in the freeboard
of a 1 MWt ABFBC burning coal with and without
limestone addition in a bed of sand particles by Filla
et al. (1996). Predictions of particle cloud emissivity
have shown a significant effect of scattering on the
radiative properties of particle-laden flue gases.

An extensive experimental study in an ABFBC
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providing data required both for the calculation of
radiative properties and for the assessment of the
accuracy of the radiative heat exchange models was
performed by Kozan and Selçuk (2000). Data on
flow rates, concentrations and temperatures together
with incident radiative heat fluxes in the freeboard
of a 0.3 MWt ABFBC burning lignite in its own
ash were measured during the steady state oper-
ation of the rig. Radiative exchange in the free-
board of the combustor was modeled by using a
simple engineering approach, i.e. a well-stirred en-
closure model in conjunction with the Radiosity-
Irradiation Method (RIM) and radiative properties
of particle-laden combustion gases estimated from
measured data. Significant discrepancies between
the predicted and measured incident radiative fluxes
were observed. This was considered to be due to the
single zone treatment of the freeboard in which a
constant uniform incident heat flux was used to rep-
resent the relatively steep variation of the measured
profile along the freeboard wall. Therefore, more so-
phisticated radiation models must be applied for the
analysis of radiative transfer in the freeboard.

The basis of all radiation models is the Radia-
tive Transfer Equation (RTE), which has the form
of an integro-differential equation and as such is
not amenable to analytical solution. Hence, many
approximate solution methods have been proposed.
These methods can be broadly classified into two
groups. The first group is based on discretizing the
continuous angular variation of intensity into a finite
number of directions and hence the transformation
of RTE into a set of differential equations. Multi-
flux, discrete ordinates, and finite volume methods
are some of the examples within this group. The
second group, comprising Hottel’s zone method and
the Monte Carlo method, on the other hand, make no
approximation or assumption to simplify the RTE.
Utilizing the concept of radiosity and the principle of
conservation of energy, Hottel’s zone method trans-
forms the RTE into a set of algebraic equations.

In this method, the enclosure is subdivided into a
finite number of isothermal volume and surface area
zones. An energy balance is then performed for the
radiative heat exchange between any zone and ev-
ery other zone using precalculated ‘exchange areas’.
This process leads to a set of simultaneous equations
for the unknown temperatures or heat fluxes. Accu-
racy assessment studies to date have shown that it is
one of the most accurate methods in predicting heat
flux distributions and temperatures.

Therefore, the objective of this study was to an-
alyze the radiative heat transfer in the freeboard of
the 0.3 MWt ABFBC test rig containing particle-
laden combustion gases by applying the zone method
of analysis. Steady state operating data on flow
rates, medium and wall temperature distributions,
and gas composition as well as particle concentra-
tion, composition, shape and size distribution were
used for the calculation of the radiative properties
of the particle-laden combustion gases. The predic-
tive accuracy of the method is assessed by comparing
its predictions with incident fluxes measured on the
freeboard walls. Variations in predictive accuracy
and CPU time with number of zones were also stud-
ied. The sensitivity of heat fluxes to the presence of
particles and the contribution of particle radiation
to the radiative exchange within the freeboard were
also examined.

Description of the Test Rig

The main body of the test rig is a modular com-
bustor formed by five modules 1 m in height and with
an internal cross-section of 0.45 m x 0.45 m. The first
and the fifth modules refer to bed and cooler, respec-
tively, and the three in between are the freeboard
modules. There are two cooling surfaces of 0.35 m2

and 4.3 m2 in the bed and cooler modules, respec-
tively. At various heights along the combustor, there
are 14 ports for thermocouples and 10 ports for gas
sampling probes, into which a radiation probe is also
inserted. The inner walls of the combustor are lined
with alumina-based refractory bricks 6 cm thick. In
order to measure the concentrations of O2, CO, CO2,
SO2 and NO/NOx along the combustor at steady
state, combustion gas is sampled from the combustor
and passed through a gas conditioning system where
the sample is filtered, dried and cooled to be fed to
the analyzers. The process values such as the flow
rates and temperatures of each stream, gas composi-
tion and temperature along the combustor are logged
to a PC by means of a data acquisition and control
system, Bailey INFI 90. Further details concerning
the test rig can be found elsewhere (Batu, 2001).

Radiative heat fluxes incident on the refrac-
tory side-walls of the freeboard were measured by
a Medtherm 48P-20-22K heat flux transducer dur-
ing the steady state operation of the test rig. The
radiometer eliminates the effects of convection and
measures only the incident radiative heat flux. The
radiometer probe was inserted into the gas sampling
ports at five different heights along the freeboard,
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flush with the inner surface of the refractory side-
wall. The radiometer output for incident radiative
heat flux was read from a voltmeter and the readings
were then converted to heat fluxes using the certified
calibration of the transducer.

The steady state operating conditions required
for the radiative property estimation are presented
in Table 1. Temperature measurements were car-
ried out on a discrete grid of points along the free-
board at steady state operation. In order to facilitate
the use of these measurements as input data in the
calculation of radiative exchange, the experimental
data were represented by the high order polynomi-
als given in Figure 1. For radiative property estima-
tion of particle-laden combustion gases, particles col-
lected from the cyclone downstream of the freeboard
were subjected to particle size distribution analysis
by laser light scattering (Göğebakan, 2000).

Zone Method of Analysis

The well-stirred enclosure model is limited in that
only overall furnace performance can be predicted. A
detailed prediction of heat flux distribution through-
out industrial and utility furnaces can be made us-
ing the zone method of analysis originally proposed
by Hottel and Cohen (1958), in which the enclosure
is subdivided into many volume and surface zones.
The properties of each zone are considered uniform
and constant, and the radiative exchange factors
are determined based on the relative orientation of
zones and the attenuation coefficient of participat-
ing species in each zone. Energy balance equations
are written for each zone, resulting in a system of
algebraic non-linear equations in terms of the tem-
perature of each zone, allowing the radiative heat
flux distribution to be predicted.

In the analysis of radiative transfer by the zone
method, the evaluation of radiative exchange fac-
tors (generally called exchange areas) for each pair
of zones is the most important step. The exchange
areas must be evaluated before the energy balances
are carried out.

Energy balances, in terms of these exchange ar-
eas, for each zone, consider the radiative exchange of
the zone with every other zone including itself. The
total number of equations and unknowns in the re-
sulting equation set is equal to the total number of
zones.

The zone method remains the most widely used
method for radiative heat transfer analysis in indus-
trial furnaces due its mathematical simplicity. It has

a wide range of applications in energy generation sys-
tems, it exhibits the ability to predict real gas behav-
ior in multi- dimensional systems, and it has been
successfully employed in problems involving absorb-
ing, emitting and isotropically scattering medium
bounded by diffuse reflecting surfaces (Smith et al.,
1985; Truelove, 1974; Viskanta and Mengüç, 1987).

Table 1. Operating Conditions for the Experiment

Superficial velocity, uo(m/s) 3.1
Carryover flow rate, Fc (kg/h) 25
Particle density, ρp (kg/m3) 536.7
Sauter mean diameter, D32 (µm) 35.6
Particle load, B (kg/m3) 0.01
Mass specific cross section, Amc (m2/kg) 78.6
Average H2O concentration (% ) 10
Average CO2 concentration (% ) 10
Average medium temperature (˚ C) 890
Mean beam length, Lm (m) 0.38
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Figure 1. Temperature profiles along the freeboard.
Polynomials for temperature profiles;
Tg (z) = -5.2962 z4 + 43.956 z3 – 146.52 z2 +
240.79 z + 748.6 [˚ C], Tw (z) = -11.164 z3 +
54.123 z2 – 109.95 z + 938.8 [˚ C]

Direct exchange areas

Radiative exchange factors between two zones
comprising the relative orientation of any zone pairs
and allowance for beam attenuation within the
medium between the pairs are called direct exchange
areas. They are calculated for each pair of zones; sur-
face to surface, gas to surface, surface to gas and gas
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to gas. The direct exchange area between two black
surfaces i and j is given by

sisj =
∫
Aj

∫
Ai

e−βL
cos θi cos θj

πL2
dAi · dAj (1)

where β is the extinction coefficient of the medium
between the surfaces separated by a distance L, θ’s
are the angles between the beam joining the zone
centers and normals of the zones, and A denotes the
area of a surface zone. Equations for surface-volume
and volume-volume direct exchange areas are simi-
lar and can be found elsewhere (Hottel and Sarofim,
1967).

The multiple integrals defining the direct ex-
change areas between two finite surface or volume
zones can not be integrated analytically when there
is a participating medium in between. For the eval-
uation of direct exchange areas, the surface and vol-
ume zones are further subdivided into smaller vol-
ume and surface elements and direct numerical inte-
gration is carried out by simple summation of the ex-
change areas between these smaller elements (Rhine
and Tucker, 1991, ch.12; Tucker, 1986)

sisj =
N∑
j=1

M∑
i=1

1
πL2

· τ (L) · cos θi · cos θj · dAi · dAj

(2)

L now represents the separation between the
smaller elements and dA’s are the corresponding ar-
eas. θ’s are the angles between the beam joining the
elements and the normals of the surface elements.
For instance, for calculating the direct exchange area
between surface zones i and j, the areas of i and j
are subdivided into M and N equal-sized small el-
ements. The direct exchange area between surface
zones i and j, sisj , is then obtained by calculating
the direct exchange areas between the first element
of zone j (j=1) and all elements of zone i (i=1,M),
repeating this procedure for the remaining N-1 ele-
ments of zone j and summing them. Surface-volume
and volume-volume direct exchange areas are evalu-
ated similarly.

Although the reduction in the size of the elements
for high accuracy requires large computing times,
introducing maximum symmetry into the zoning of
the geometrical system avoids repeated calculation
for the zone pairs with the same relative orientation

(Vercammen and Froment, 1980). From the defini-
tion of direct exchange areas, reciprocity requires the
following equalities, which also decrease the compu-
tational time.

sisj = sjsi (3)

sigj = gjsi (4)

gigj = gjgi (5)

Radiative energy balances

For an enclosure subdivided into m volume and n
surface zones, a radiant energy balance is written for
each zone (Noble, 1975). For surface zones, it takes
the following form:

AiHi =
n∑
j=1

(sisj)Wj +
m∑
j=1

(sigj)Wg,j (6)

where

Wj = εjEj + ρjHj (7)

Wg,j = (1− ωo)Eg,j + ωoHg,j (8)

In Equation (6), Hi represents the radiative heat
flux incident on surface zone i, and Wj and Wg,j are
the radiative fluxes leaving surface zone j and vol-
ume zone j, respectively. Eg,j (=σT4

g) denotes the
black body emissive power of the volume zone j, and
ωo(=σs/β) is the scattering albedo of the medium
contained in the volume zone j, defined as the ratio
of the scattering to total extinction coefficient. Sim-
ilarly, writing a radiant energy balance on a volume
zone i leads to

4βiViHg,i =
n∑
j=1

(gisj)Wj +
m∑
j=1

(gigj)Wg,j (9)

where Hg,i represents the radiative heat flux incident
on a volume zone i. Substituting Equations (7) and
(8) for radiosities into radiative energy balances for
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volume and surface zones (Equations (6) and (9)), n
equations for n surface zones and m equations for m
volume zones are obtained.

Simultaneous solution of these n+m equations
can be carried out directly for n+m incident fluxes,
if the temperatures of each zone are known. Once
incident radiative fluxes are available, contributions
of surface and volume zones to radiation incident on
a surface zone can be calculated by rearranging the
first and second summation terms in Equation (6).

HS
i = (1/Ai)

n∑
j=1

[(sisj)(εjEj + ρjHj)] (10)

HG
i = (1/Ai)

m∑
j=1

[(sigj) ((1− ωo)Eg,j + ωoHg,j)]

(11)

where superscripts S and G on Hi denote contribu-
tions from surface and volume zones, respectively.

Summation rules for direct exchange areas

Conservation of energy requires that H=W=Wg

if all zone temperatures are equal in an enclosure.
Thus, Equations (6) and (9) take the following forms

Ai =
n∑
j=1

(sisj) +
m∑
j=1

(sigj) (12)

4βiVi =
n∑
j=1

(gisj) +
m∑
j=1

(gigj) (13)

These summation rules are useful for checking the
calculated direct exchange areas for a given enclo-
sure. If these summation rules are not satisfied then
either an error in the calculated energy balance at
each zone will arise, or no solution will be found.
These rules can also be used in the evaluation of the
direct exchange areas. For sufficiently many zones,
all exchange areas but one may be calculated by eval-
uating the integrand between zonal centers, multi-
plied by the applicable zonal areas and/or volumes.
The error made for the closest zones is then offset by
applying summation rules for the last one (gigi for
volume-volume exchange areas, common-face gisj for
volume-surface exchange areas, and common bound-
ary sisj for a corner zone) (Modest, 1993).

Approximation of the Freeboard as a 3-D
Rectangular Enclosure

In order to apply the zone method of analysis to
the freeboard of the test rig, temperature and radia-
tive properties of the surfaces and the medium must
be obtained. The freeboard section of the combustor
was treated as a 3-D rectangular enclosure contain-
ing gray absorbing, emitting and isotropically scat-
tering medium bounded by diffuse, gray/black walls.
The cooler boundary at the top, which consists of
gas lanes and cooler tubes, was represented by an
equivalent gray surface of effective emissivity and
temperature related to area weighted average emis-
sivity and emissive power of the components respec-
tively. The boundary with the bed section at the
bottom was represented as a black surface due to
the Hohlraum effect (Kozan and Selçuk, 2000). The
properties of particle-laden combustion gases were
found from Leckner’s correlations for participating
gases and from the Mie theory for the particle cloud.
Details of the approximation of the radiative prop-
erties of the participating medium can be found in a
recent study by Selçuk et al. (in press).

The radiative properties of the particle-laden
combustion gases and the radiative properties and
temperatures of the bounding surfaces are given in
Table 2. These data, together with polynomials rep-
resenting medium and side-wall temperature profiles
given in Figure 1, provide the input data supplied
to the zone method of analysis. The physical system
and the treatment of the freeboard is schematically
illustrated in Figure 2.

Application of the Zone Method of Analysis

For the application of the zone method to the
freeboard of the test rig, the freeboard was subdi-
vided into isothermal volume zones, each of which
was assumed to be completely mixed with uniform
properties. The surfaces of each volume zone ad-
jacent to the side walls of the freeboard make up
a single surface zone with uniform temperature, ra-
diative properties, radiosity, and irradiation. Con-
sidering the uniformity of properties throughout the
freeboard and absence of steep gradients in temper-
ature and concentration profiles, the freeboard was
first subdivided into 10 volume zones, each having
dimensions of 0.335 m x 0.45 m x 0.45 m in z, x
and y directions, respectively. This subdivision gen-
erated 12 surface zones, 10 on the side walls and 2 at
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the upper and lower surfaces of the enclosure. The
zoning of the freeboard is also illustrated in Figure
2. As a result of this subdivision, 10 radiant energy
balances for volume zones and 12 for surface zones

have to be solved simultaneously for incident heat
fluxes. However, the unknown direct exchange areas
present in these balances have to be determined first.

Solution domain
10 volume zones along height direction

Top
surface zone

εtop , Ttop

z

xy

Isothermal
volume zone
Tg(z) , κ , σs

Isothermal
surface zone

εw , Tw(z)

Bottom
surface zone

εbot , Tbot

Equivalent
gray surface

Absorbing,
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isotropically
scattering
medium

Gray side
surfaces

Black
surface

Treatment of freeboard as a 3-D
rectangular enclosure

F
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Figure 2. Treatment of the freeboard as a 3-D enclosure and solution domain for the zone method of analysis

Table 2. Radiative Properties of the Medium and the Surfaces

Gas absorption coefficient, κg (1/m) 0.43
Absorption coefficient of particle cloud, κp (1/m) 0.16
Scattering coefficient of particle cloud, σs (1/m) 0.45
Extinction coefficient of the particles, βp = κp + σs (1/m) 0.61
Absorption coefficient of the medium, κ = κp + κg (1/m) 0.59
Extinction coefficient of the medium, β = κ + σs (1/m) 1.04
Scattering albedo of the medium, ω = σs / β 0.43
Emissivity of top surface, εtop 0.87
Emissivity of side surfaces, εw 0.33
Emissivity of bottom surface, εbottom 1.00
Temperature of top surface (˚ C), Ttop 549
Temperature of bottom surface (˚ C),Tbottom 873
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Direct exchange areas

The determination of direct exchange areas was
carried out by direct numerical integration. The ac-
curacy of the integration is a strong function of the
size of the differential volume (dV) and/or surface
area (dA) appearing in the equations. Hence, finer
subdivision of each volume and surface zone into
smaller elements is required. Each volume zone, now
is subdivided into 10 x 13 x 13 equal-sized smaller
volume elements in z, x and y directions, respec-
tively, which leads to 4 x 10 x 13 equal-sized smaller
surface elements in each surface zone at the side walls
and 13 x 13 elements in the top and bottom surface
zones. It must be noted that the number of small ele-
ments in all directions was selected in such a way that
all the elements are approximately square surface or
cubic volume elements. Therefore, the dimensions of
the small elements can be represented by the dimen-
sion of one side of the surface or volume elements,
which is 3.35 cm for the subdivision under consid-
eration. Direct exchange areas between these small
volume-volume, volume-surface and surface-surface
elements were employed in the determination of di-
rect exchange areas between any zone pairs.

The accuracy of these calculated exchange areas
was checked using the summation rules. The abso-
lute percentage error, defined as the ratio of absolute
value of the differences between the left-hand sides of
Equations (12) and (13) and the right-hand sides to
the left-hand sides multiplied by hundred, was found
to be a maximum of 5.78. In order to improve the
accuracy, direct exchange areas were calculated with
a finer subdivision i.e., 20 x 26 x 26 volume and 4
x 20 x 26 surface elements in each volume and side
surface zones, respectively. The maximum absolute
percentage error was found to be halved in this case.
Accuracy was improved further by a subdivision of
volume zones to 30 x 40 x 40 smaller elements re-
sulting in a maximum absolute percentage error of

1.91 in the summation rules. Table 3 summarizes the
effect of finer subdivision on the errors in the sum-
mation rules and CPU times. As can be seen from
the table, CPU time increased three orders of mag-
nitude while percentage error decreased but with no
change in the order of magnitude as the number of
volume elements increases from 10 x 13 x 13 to 30
x 40 x 40. In other words, an improvement in error
of only a few percent was achieved at the expense of
drastic increase in the CPU time. As the most time
consuming step in the prediction of heat fluxes is
the calculation of direct exchange areas rather than
the solution of radiant energy balances for the zones,
CPU time requirement is of utmost importance in
setting the number of volume elements in each zone.
Considering the accuracy of direct exchange area cal-
culations and computational time required, a 20 x 26
x 26 zone subdivision was found to be optimum for
the prediction of heat fluxes at the walls of the free-
board under consideration.

Radiative energy balances

Once the direct exchange areas were available,
equations for volume and surface radiant energy
balances were solved simultaneously by the Gauss-
Jordan elimination method for the unknown incident
radiative fluxes. A parametric study on the sensitiv-
ity of the predicted incident fluxes to finer subdivi-
sion was carried out by running the computer pro-
gram for 35 volume zones and volume elements of
side length 1.367 cm in each volume zone. Average
predicted incident radiative heat fluxes for 10 and
35 volume zones was found to differ by 0.7% at the
expense of a 33% increase in CPU time. The insensi-
tivity of the predicted heat fluxes to the finer zoning
of the enclosure was considered to be due to the ab-
sence of steep gradients in temperature profiles and
uniform radiative properties within the freeboard.

Table 3. Effects of Finer Subdivision on the Errors in Summation Rules and CPU Time

Number of Number of Side length Max. abs. err. CPU time
volume volume of element, in summation ratio*
zones elements (cm) rules, (%)

10x13x13 3.350 5.78 0.002
10 20x26x26 1.675 2.93 0.086

30x40x40 1.116 1.91 1.000

* CPU time ratio: CPU time for the case / CPU time for 30 x 40 x 40

* CPU time for 30 x 40 x 40 elements: 107189 seconds on IBM RISC/6000 Model 590
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Table 4. Incident Radiative Heat Fluxes on Freeboard
Wall

Relative
Height Experimental Predicted Error

(m) (kW/m2) (kW/m2) (%)
1.23 108.9 103.0 5.4
1.83 96.4 102.8 -6.6
2.91 90.2 94.0 -4.2
3.44 71.5 81.8 -14.4
4.19 28.0 51.4 -83.6
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Figure 3. Incident radiative heat fluxes on the freeboard
wall

Validation of the model against measure-
ments

In Figure 3 measured and predicted heat fluxes
are compared for 10 volume zones with 20 x 20 x
26 volume elements and 12 surface zones. As can be
seen from the figure, incident flux decreases from the
bed surface toward the cooler and the predictions of
model are in good agreement with the measurements.

For comparative testing purposes, point values
of the predicted fluxes were compared with the mea-
surements at discrete points. Table 4 shows the rel-
ative percentage errors defined as the ratio of pre-
dictions subtracted from measurements to measure-
ments multiplied by a hundred. The significant dis-
crepancy between the prediction and the measure-
ment at the uppermost port is considered to be due
to the fact that the top surface of the enclosure is
approximated by an equivalent gray surface consist-
ing of a cold tube-row/hot gas-lane combination for

modeling purposes, whereas the radiometer probe
is affected mostly by the cooling tubes as the port
for the measurement is located nearly adjacent to a
cooler tube.
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Figure 4. Sensitivity of radiative heat flux to the

presence of particles. Gas only: βp= 0,
gas+particle: βp = 0.61
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Figure 5. Radiative heat flux incident on a surface zone
arriving from volume and surface zones

Sensitivity analysis

The sensitivity of incident heat flux to the pres-
ence of particles was analyzed by comparing the pre-
dictions of the model with and without particles
(Figure 4). As can be seen from the figure, the ef-
fect of particles on predicted heat fluxes is negligi-
ble. The maximum of the absolute error, defined as
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the ratio of difference between predictions with and
without particles, to the value with particles which
represents the actual physical situation within the
freeboard, was found to be 4.6%. This shows that
the incident fluxes are relatively insensitive to the
presence of particles, which may be considered to be
due to low particle loads typically encountered in the
freeboards of ABFBCs.

Although the presence of particles does not seem
to affect the total radiation arriving at a single sur-
face zone from all other volume and surface zones,
the contribution of gas and wall radiation into the
fluxes incident on a surface zone is worth illustra-
tion. Figure 5 shows the contribution of gas and
wall radiation to incident radiation on surface zones
along the height of the freeboard in the absence and
presence of particles in the combustion gas. As can
be seen from the figure, the presence of particles de-
creases the contribution from surface zones due to
the higher extinction caused by the particles whereas
it increases the contribution from volume zones due
to the absorption of particles in addition to that of
gases and hence increase in emissivity of the medium.
It is interesting to note that the contribution of radi-
ation from volume zones to total incident fluxes de-
creased from almost 40% to 20% when the medium
was assumed to contain no particles.

Conclusions

Radiative heat fluxes incident on the side walls
of the freeboard of an atmospheric bubbling fluidized
bed combustor have been predicted by using the zone
method of analysis, which is one of the most accurate
radiation models available in the literature.

The predictive accuracy of the zone method of
analysis was tested by applying it to the prediction
of incident radiative fluxes on the walls of the free-
board of an ABFBC and comparing its predictions
with measurements. The input data required for the
application and validation of the predictions were
generated from the METU 0.3 MWt ABFBC test
rig operating under steady state conditions. The
freeboard containing particle-laden combustion gases
was treated as a 3-D rectangular enclosure with
gray absorbing, emitting and isotropically scattering
medium. The sensitivity of the predicted fluxes to
the presence of particles was also analyzed. On the
basis of comparisons between predictions and mea-
surements, and the sensitivity analysis, the following
conclusions have been reached.

• Incident radiative fluxes at the walls predicted
by the zone method reproduce the measured
heat fluxes reasonably well.

• The presence of particles in the participating
medium does not affect the magnitude of pre-
dicted incident fluxes significantly due firstly to
the low particle load in the freeboards of bub-
bling fluidized bed combustors and secondly
to the compensation of higher extinction by
higher emissivity caused by the particles.

Nomenclature

A surface area [m2]
E blackbody emissive power of a surface

[W/m2]
Eg blackbody emissive power of a volume

[W/m2]
gigj volume-volume direct exchange area [m2]
H radiative heat flux incident on a surface

[W/m2]
Hg radiative heat flux incident on a volume

[W/m2]
HG incident radiative flux on a surface arriv-

ing from all volume zones [W/m2]
HS incident radiative flux on a surface arriv-

ing from all surface zones [W/m2]
sigj, gisj surface-volume direct exchange area [m2]
sisj surface-surface direct exchange area [m2]
T temperature [K], [˚ C]
V volume [m3]
W surface radiosity [W/m2]
Wg volume radiosity [W/m2]
ε surface emissivity [-]
β extinction coefficient [-]
κ absorption coefficient [-]
ρi surface reflectivity [-]
σs scattering coefficient [-]
θ angle of beam between the midpoints of

two elements with normal of the elements
ωo scattering albedo [-]

Subscripts and superscripts

bottom bottom surface of the freeboard
f freeboard
g gas
p particle
top top surface of the freeboard
w side wall of the freeboard
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References

Batu, A., “Modeling of Radiative Heat Tranfer in
Freeboard of a 0.3 MWt AFBC Test Rig Using Zone
Method of Analysis”, M.S. Thesis, Department of
Chemical Engineering, Middle East Technical Uni-
versity, Ankara, Turkey, 2001.

Becker, H.B., “A Mathematical Solution for Gas-
to-Surface Radiative Exchange Area for a Rectan-
gular Parallelepiped Enclosure Containing a Grey
Medium”, J. Heat Transfer, 99, 203-207, 1977.

Filla, M., Scalabrin, A. and Tonfoni, C., “Scattering
of Thermal Radiation in the Freeboard of a 1 MWt

Fluidized Bed Combustor with Coal and Lime-
stone Feeding”, Twenty-Sixth Symposium (Int.) on
Combustion, The Combustion Institute, 3295-3300,
Pittsburgh, PA, 1996.
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