
wo phase
e there is
backward
erformed
mperature,
International Journal of Thermal Sciences 44 (2005) 399–409
www.elsevier.com/locate/ijts

Radiation heat transfer in circulating fluidized bed combustors
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Abstract

A new model for predicting radiation heat transfer in circulating fluidized bed combustors is proposed. The model assumes t
structure, the flow at the wall dominated by streamers of clusters traveling mostly downward, interspersed with periods wher
upwards flow of a dilute suspension. Also, the model assumes the intensity distribution to be semi-isotropic in the forward and
direction. The predictions are in good agreement with the experimental results from the literature. Finally, a parametric study is p
to show the effect of different bed parameters on radiative heat transfer. The results indicate that suspension temperature, wall te
wall emissivity, particle emissivity, and suspension density have significant influence on the radiation heat transfer coefficient.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Circulating Fluidized Bed (CFB) combustion technolo
has grown in importance during the last two decades
boiler manufacturers have recognized the advantages o
technology, such as outstanding fuel flexibility, low emiss
of pollutants and adaptability to load change. Today h
dreds of CFB boilers are in use or under construction wo
wide. Developing a good understanding of heat transfe
fluidized beds is essential for proper design and optim
tion of these boilers. Several different operating parame
influence combustion and heat transfer processes. Flow
terns in a CFB riser are divided into two major sections
dilute core region where particles are transported upw
by flowing gases, and a denser wall layer region where
ticles reverse their flow directions and descend along
wall, see [1–8] among others. This descending wall la
contributes a majority of the heat transfer gained from c
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duction/convection, but also forms a shielding curtain t
decreases the contribution from radiation [9–11]. The p
meters described in the following have been found to be
most important ones for the heat transfer processes.

Bed particle size. When radiation heat transfer is cons
ered, particle size has an influence on the suspension ab
tion and scattering coefficients whose sizes are proporti
to 1/dp [12]. Finer particles (for the same voidage) functi
as a denser curtain between the high temperature core
the colder wall, thus decreasing the net radiation flux. Wh
radiation is not significant, it can be expected that the t
heat flux will increase with decreasing particle size, mai
due to shorter average distances for conduction betwee
wall and adjacent particles [1,13–15]. But at high suspen
temperatures, the situation is more complex since the p
cle diameter affects the convection/conduction and radia
heat transfer in opposite directions.

Suspension density.Suspension density is generally reco
nized as a dominant factor influencing CFB heat trans
and many researchers have related their experimental

transfer data to the cross-sectional average suspension den-
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Nomenclature

a absorption coefficient for gray medium . . . m−1

aλ absorption coefficient at wavelengthλ . . . . m−1

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

B back-scatter fraction
c volumetric particle concentration
ccl average volumetric particle concentration in

clusters
dp particle diameter . . . . . . . . . . . . . . . . . . . . . . . . . m
DR riser diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
e emissivity
eb bulk emissivity
ep particle emissivity
ew wall emissivity
f fraction of wall covered by clusters
F view-factor
g gravitational acceleration . . . . . . . . . . . . . . m·s−2

h total heat transfer coefficient . . . . . W·m−2·K−1

hr radiation heat transfer coefficient . W·m−2·K−1

H height of riser . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
i′λ spectral radiation intensity . W·m−2·µm−1·sr−1

i′λb spectral radiation intensity from black
body . . . . . . . . . . . . . . . . . . . . W·m−2·µm−1·sr−1

I+ radioactive heat flux in positive
direction . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

I− radioactive heat flux in negative
direction . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Ib emissive power of black body . . . . . . . . W·m−2

K proportionality factor
P pressure Pa
qcl net radiation heat flux for cluster covered

section of wall . . . . . . . . . . . . . . . . . . . . . . W·m−2

qdi net radiation heat flux for section of wall
covered by dilute suspension . . . . . . . . . W·m−2

q ′′
r net radiation heat flux. . . . . . . . . . . . . . . . W·m−2

R thermal resistance . . . . . . . . . . . . . . . . m2·K·W−1

Rep particle Reynolds number,Ugdp/νg

s scattering coefficient of gray medium . . . . m−1

sλ scattering coefficient at wavelengthλ . . . . m−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Tb bulk temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
Tgg horizontal gas temperature gradient . . . . K·m−1

Tw wall temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
Ug gas velocity . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

x horizontal coordinate, directed from wall
towards center of riser . . . . . . . . . . . . . . . . . . . . m

X half the hydraulic diameter of riser . . . . . . . . . m
z vertical coordinate, directed upwards . . . . . . . m

Greek letters

δ wall layer thickness. . . . . . . . . . . . . . . . . . . . . . . m
ε suspension voidage
εmf suspension voidage at minimum fluidization
εcs cross-sectional average suspension voidage
λ radiation wavelength . . . . . . . . . . . . . . . . . . . . µm
νg kinematic viscosity of combustion

gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

ρg combustion gas density . . . . . . . . . . . . . . kg·m−3

ρp particle density . . . . . . . . . . . . . . . . . . . . . kg·m−3

ρsus suspension density . . . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzmann constant,
= 5.67e–8 . . . . . . . . . . . . . . . . . . . . . W·m−2·K−4

φ dimensionless distance in riser, 1− x/X

Φ scattering phase function
Φs particle sphericity
ω solid angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sr
nu-
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sity, see, i.e., [11,16–20]. Particle concentration in the an
lus wall layer increases if suspension density increases
Increased wall coverage is also a side-effect from incr
ing riser diameter,D, since the perimeter per unit cros
sectional area decreases and there is less wall surface
able for down-flow of particles [22]. The thickness of t
annular wall layer also increases, though not in proportio
the column diameter. The thickness is approximately pro
tional to D0.57 according to a correlation given by Werth
[23]. A thicker wall layer and higher particle concentrati
increases the radiation resistance between core and
thereby decreasing the radiation contribution.

Superficial gas velocity. Increased superficial gas veloci
can cause more particles to be carried out at the top o
riser, leading to decreasing pressure drop per unit leng
the riser for the same solids circulation rate [24]. Thus w

a constant solids circulating rate and increasing superficial
l-

,

gas velocity, the suspension density will decrease, re
ing in a thinner wall layer and thus in increasing radiat
heat transfer coefficients. If the superficial gas velocity
increased while adjusting the solids circulation rate to m
tain constant suspension density, heat transfer coeffic
will not change significantly [1]. However, increased gas
locities with constant suspension densities might cause
density profile to change, thereby indirectly affecting h
transfer coefficients. The superficial gas velocity effect
heat transfer coefficients mainly depends on its effect
solids motion near the wall [6].

Cluster formations. It is generally agreed that in a fa
fluidized bed, the suspension partly condenses into de
clusters that move upwards through the core of the rise
9,25–27]. At some point, they get swept towards the low
locity region near the wall, where clusters reverse their fl

direction and start falling along the wall. The clusters do not
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usually remain attached close to the wall through the en
height of the riser. After falling 1–3 m [28,29], they eith
lose their identity due to shear force of the gas or the imp
of other particles, and they may also simply detach th
selves from the wall and enter the core region again. De
clusters functions as a thicker radiation shield, and a h
fraction of wall coverage by clusters can therefore decre
the radiation flux.

Gas gap thickness.Falling particles and clusters are sep
rated from the riser wall by a thin gas film of order the me
particle diameter [25,26,30–32]. Significant effect from t
gas gap thickness has been seen on the conduction te
heat transfer, as a larger gap thickness causes larger th
resistance, but little influence has been seen on the radi
term [33]. This is obvious since the view factor between w
and bed will approach unity regardless of variations of
limited distance, and the small amount of particle-free
can be considered as fully transparent. The effect of this
tor is therefore neglected in this work.

Membrane wall geometry.The membrane walls of a CF
riser that surrounds the fluidized bed are made up of v
cally directed tubes, which are welded to lateral fins se
rating two adjacent tubes. Each fin, sided by tubes, form
cavity that affects the solids flow. As a cluster reaches
wall, it mainly get trapped in the fin cavity region where
falls in structures similar to waves of strands or streamer
9]. Particles which are concentrated over the fins stay t
longer than those traveling on the crest of the tubes, and
combination of longer residence time and lower view fac
from the fin towards the hot core region lead to smaller h
transfer coefficients on the fins. It can be as low as hal
that on the tube crest [9,16,34].

Bulk temperature. Heat transfer coefficients increase w
increasing bulk temperature, and this fact has been attrib
to the increase in thermal conductivity of the fluidizing g
and to an increase in radiation at higher temperatures
low temperatures the radiation component is negligible,
above 500◦C heat transfer coefficients increase predo
nantly because of the fast growingT 4-factor of the radia-
tion component [5,35]. Radiation is therefore an import
mode of heat transfer in industrial CFB boilers, where te
peratures usually ranges from 800 to 900◦C, and typically
makes up for about 25 to 50% of the total heat transfer c
ficient [36].

2. Modeling of radiation heat transfer

The thermal resistance for radiation heat transfer betw
two surfaces (i andj ) is given by

1− ei 1 1− ej

Ri−j =

Aiei

+
AiFi−j

+
Ajej

(1)
n
al

wheree denotes emissivity andF is a view factor. The ne
radiation heat transfer between the two surfaces is then g
by

q ′′
r = σ(T 4

i − T 4
j )

Ri−j

(2)

The radiation heat transfer coefficient is defined as

hr = q ′′
r

Ti − Tj

(3)

If the bed core and riser wall are considered as two infi
parallel plates with view factor 1, we can express the ther
resistance per unit area, as

Rb−w = 1

eb

+ 1

ew

− 1 (4)

By substituting Eqs. (2) and (4) into Eq. (3), we can calcu
the maximum possible radiation heat transfer coefficient
this case from

hr,max= σ(T 2
b + T 2

w)(Tb + Tw)

1
eb

+ 1
ew

− 1
(5)

This is the maximum radiative heat transfer coefficie
hr,max, which could theoretically occur in CFBs, and it c
be used as a upper limit for real values in a CFB boiler, wh
influences by dampening factors be considered.

2.1. Radiation heat transfer in participating media

Absorption and emission are the dominant mechani
of radiation heat transfer through homogeneous media
as gases. An additional mechanism of scattering (reflec
refraction and diffraction) is introduced if the media conta
inhomogeneities, such as particles in CFBs. Radiation
transfer processes within a CFB usually originates as e
sions from the gas-solid suspension in the core and from
riser walls. This radiation undergoes complex interacti
with the suspension, primarily due to absorption, emiss
and scattering processes. Three dominant factors have
used to characterize radiation interactions within the sus
sion: theabsorption coefficient(a), thescattering coefficien
(s) and thescattering phase function(Φ). The propagation
of radiation within absorbing, emitting and scattering me
is governed [37,38] by

di′λ
dTgg

= −aλi
′
λ(Tgg) − sλi

′
λ(Tgg) + aλi

′
λb(Tgg)

+ sλ

4π

4π∫
ωi=0

i′λ(Tgg)Φ(λ,ω,ωi)dωi (6)

The first two terms on the right side represents decrea
radiation due to absorption and scattering, respectively.
third term gives the flux due to emission. The last term r
resents gain from scattering into the direction under con

eration from all other directions. The radiative intensity,i′λ,
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Fig. 1. The two-flux model by one particle, having symmetric radiation
but of different strength in positive and negative directions.

is defined as the energy per unit area per unit solid a
per unit wavelength. Note that the scattering phase fu
tion Φ(λ,ω,ωi) = 1 for isotropic scattering (symmetric i
all directions). The absorption and scattering coefficients
defined as the fraction of the corresponding energy loss f
the propagating wave per unit length of travel.

When particles are present or are injected into a gas to
hance its absorption or emission of radiation, the gas-par
mixture may act as nearly gray [37]. For gray media,
absorptivity is equal to the emissivity, and there is no wa
length dependency. Eq. (6) may therefore be written

di′

dTgg

= −ai′(Tgg) − si′(Tgg) + ai′b(Tgg)

+ s

4π

4π∫
ωi=0

i′(Tgg)Φ(ω,ωi)dωi (7)

If net radiation heat transfer is developed in only one dim
sion, the transfer equation can be reduced to the expre
from thetwo-flux model[12,39,40], which describes the di
ferential variations in the intensities of forward and ba
ward radiation fluxes along this one-dimensional trans
direction, see Fig. 1. Emission and scattering from parti
are assumed to be symmetric but having different stren
in positive (forward) and negative (backward) directions.

Brewster and Tien [12] studied cases where the parti
were large enough that

πdp

λ
> 5 (8)

The assumption of independent scattering is then m
where each particle acts as a point scatterer. This m
that interactions of the particles with the radiation field
not influenced by the presence of neighboring particles. T
condition is respected when the distance between neigh
ing particles, on the average, is large enough in compar
to their diameters and to the radiation wavelength. If pa
cles are assumed to be opaque gray spheres, and indepe
and semi-isotropic scattering is present, the simplified t
flux equations for radiation heat flux can be written

dI+

dx
= −(a + sB)I+ + sBI− + aIb(x) (9)

dI− − +

dx

= −(a + sB)I + sBI + aIb(x) (10)
n

,
s

-

nt

whereB is the back-scatter fraction

a = K
3cep

dp

(11)

s = K
3c(1− ep)

dp

(12)

whereK is a proportionality factor.
Consider the right side of Eq. (9). The first negative ter

represents a decrease in radiation flux towards the pos
direction due to absorption and due to back-scattering
wards the negative direction, in this slice of the suspen
layer. This is a shielding effect from the particulate med
sometimes accounted for as a combinedextinction coeffi-
cient.Continuation of positive flux is represented by ba
scatter from flux that was going in the negative direction,
from the last emission term, given according to the Stef
Boltzmann law by

Ib(x) = σT 4/π (13)

Ib is a function ofx since the temperature level is depend
on x-position. In the last term of Eq. (9),a represents an
effective emissivity of the suspension layer, since we h
assumed gray media and absorptivity equals emissivity.

Brewster and Tien [12] gave no value for the proportio
ality factorK of Eqs. (11) and (12), but assumed it to be
constant that would have to be determined experiment
Chen et al. [40] concluded that this factor adjusts the
tical thickness of the gas-particle mixture with a largerK

corresponding to an optically thicker suspension. Cons
an average volumetric particle concentration,c = 0.01 in the
transport section of a CFB riser, particle emissivity,ep = 0.6
and particle diameterdp = 260 µm. By assumingK = 1, the
extinction coefficient will be 100 which indicates any ra
ation flux trying to penetrate even in this relatively dilu
suspension would be entirely extinguished within a dept
1/100= 0.01 m. This could hardly be the case and theref
K � 1 as Chen et al. [40] experimented withK-values in
the range of 10−3 to 1.

2.2. The model

The model in this work is based on the two-flux meth
for calculating radiation heat transfer in particulate med
Many researchers have begun with a two-phase struc
with the flow at the wall dominated by streamers of clust
traveling mostly downward, interspersed with periods wh
there is upwards flow of a dilute suspension, see Fig. 2.

Previous models, such as thecontinuous emulsion mod
and thenon-uniform emulsion model, have been solve
mathematically using advanced finite element method or
crete ordinate method, see, i.e., Flamant et al. [36] and L
et al. [42]. To be able to use the model and predicthr , some
parameters such as temperature profile, horizontal varia
of density, properties of cluster, fraction of wall which

covered by clusters, and wall layer thickness have to be
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Fig. 2. Conceptual view of cluster of particles and gas close to a wal

estimated. The following estimations were made for the p
posed model:

Temperature gradient within the bed is obtained by e
ploying the correlation proposed by Golriz [32], i.e.,

T − Tw

Tb − Tw

= 1− [−0.023Rep + 0.094(Tb/Tw) + 0.294(z/H)
]

× exp
[−0.0054(x/dp)

]
(14)

whereRep = Ugdp/νg . As noted above, the descending w
layer is often divided into two different sections, one wh
the wall is covered by clusters descending along the w
and the other where the very dilute suspension of the in
core region extends all the way to the wall. We use the co
lation proposed by Issangya et al. [43] to describe the ra
variation of voidage, i.e.,

ε(φ) = εmf + (εcs− εmf)ε
(−1.5+2.1φ3.1+5.0φ8.8)
cs (15)

whereφ = 1− x/X. Average voidage for the dilute portio
of the wall layer is assumed to be the value ofε atx = X/3.
Note that Eq. (15) and some other equations below are
circular cross-section. The volumetric particle concentra
at this location is then

c = 1− ε(φ) (16)

The voidage at minimum fluidization is estimated from
correlation by Shafey et al. [44]:

εmf = (14Φs)
−1/3 (17)

whereΦs is the sphericity of the bed particles. For perfe
spheresΦs = 1. In this study, bed particles are assumed
be slightly less than perfect spheres, withεmf = 0.42.

εcs represents the cross-sectional average voidage

CFB boilers, there are usually several measurement points
for reading pressure-drops along the height of the riser. I
influences of acceleration and wall friction on the pressu
drop term are neglected compared to the pressure-drop
supporting the suspension,

�P = ρsusg�z (18)

where

ρsus= ρp(1− εcs) + ρgεcs (19)

and thus

εcs= ρp − ρsus

ρp − ρg

(20)

sinceρp � ρg , we can take

εcs= 1− ρsus

ρp

(21)

For the wall portion covered by clusters, the average v
metric particle concentration of the clusters is obtained fr
the correlation by Lints [45],

ccl = 1.23c0.54 (22)

The fraction of the wall covered by clusters (f ) is estimated
from the correlation of Lints and Glicksman [25],

f = 3.5c0.37 (23)

The correlation of Bi et al. [21] is used to estimate the w
layer thickness, i.e.,

δ = X
(
1−

√
1.34− 1.30(1− εcs)0.2 + (1− εcs)1.4

)
for 0.80� εcs� 0.9985 (24)

If the temperature boundary layer continues beyond
thickness, Eq. (15) is used to obtain voidage values.

Two separate radiation flux calculations are made;
for the wall section covered by clusters,qcl, and one for the
section not covered,qdi. The two results are then weighte
together as

q ′′
r = f qcl + (1− f )qdi (25)

The radiation heat flux calculation is started in the posi
x-direction by a wall boundary condition,

I+ = ewσT 4
w + (1− ew)I− (26)

where the first term on the right side represents emis
from the wall, and the second term represents reflection f
the radiation flux in the negative direction.

At first, no I− values are known. Therefore, all neg
tive direction fluxes are preset to zero. Discrete�x-steps are
then made, with an average temperature for the step obta
from Eq. (14), and an average volumetric particle conc
tration from Eqs. (15) or (22). To calculate the increase
decrease in positive direction radiation flux, we use

�I+ = �x
(−(a + sB)I+ + sBI− + aσT 4) (27)

The back-scatter fractionB = 0.667 for diffusely reflecting
particles [12] has been generally accepted as a realisti
sumption for CFB particles and is therefore adopted to

work.
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The first two�x-steps used have length 10 µm, the
Fibonacci sequence

stepn+2 = stepn + stepn+1 (n = 1,2,3, . . .) (28)

is used to gradually increase the step-length as the
perature gradient becomes less steep, up to a maximu
1 mm. These steps continue until the edge of the temp
ture boundary layer defined as(T −Tw)/(Tb −Tw) = 0.995.
Here a bulk boundary condition is set as

I− = ebσT 4
b + (1− eb)I

+ (29)

and the flux equation for negative direction

�I− = (−)�x
(−(a + sB)I− + sBI+ + aσT 4) (30)

is used to start calculation steps back towards the wall ag
The first(−) sign on the right side indicates that we now u
steps in the negative direction, but in calculations posi
step-values are still used. Now we haveI− from the preced-
ing step andI+ from the next step ahead, making full calc
lations for each step possible. But sinceI− was taken as zer
during the first round, we make several iterations back
forth through the temperature boundary layer, until the
els converge and we get less than a 0.01% change in th
heat flux received by the wall. The thermal boundary la
thickness is defined as the distance from the wall sur
where the dimensionless temperature,(T − Tw)/(Tb − Tw),
is 0.995. The details of this process were explored by Er
son [41].

Emissivity values for real surfaces are not always e
to determine, especially for a high temperature environm
such as in a CFB combustor. Emissivity also varies w
surface smoothness, typically being smaller for a highly p
ished surface than for a rough one, and it usually varies
temperature as well. Particle emissivity,ep = 0.6 and wall
emissivity,ew = 0.8 are used in this work.

Different correlations for effective bulk emissivity hav
been proposed. Typically they refer to particle emissiv
and sometimes also to combustion gas emissivity. Value
total bulk emissivity given by different correlations rang
from about 0.8 to 1. A correlation adopted to this stu
for obtaining effective bulk emissivity of a particulate m
dia like the one found in a CFB suspension, which g
eb ≈ 0.84 for ep = 0.6, has been derived by Brewster [3
using the two-flux method and referring to particle emiss
ity and back-scatter fraction, as

eb =
[

ep

(1− ep)B

(
ep

(1− ep)B
+ 2

)]1/2

− ep

(1− ep)B
(31)

3. Results and discussion

In order to compare the simulation predictions with

experimental results available in the literature, there are
f

.

t

Table 1
Parameter values used for the simulation

Parameter

Bulk temperature,Tb 850◦C
Wall temperature,Tw 210◦C
Wall emissivity,ew 0.8
Particle emissivity,ep 0.6
Particle diameter,dp 260 µm
Particle density,ρp 2600 kg·m−3

Cross-sectional average bed density 30 kg·m−3

Riser cross-section length 3 m
Riser cross-section width 3 m
Dimensionless height above the distributor(z/H) 0.5
Superficial gas velocity,u 5 m·s−1

cases where values of some parameters are not specifi
such cases the values listed in Table 1 have been used u
noted otherwise. The proportionality factor,K = 1/20 000
has been used based on experimenting with the behavi
the model [41]. In simulations of small laboratory units t
thermal boundary layer,(T − Tw)/(Tb − Tw) = 0.995 was
terminated at the half-way level. This was since the Eq. (
is a correlation based on experimental temperature mea
ments at membrane wall in industrial CFB boilers.

3.1. Comparisons between calculations and experimen

The total heat transfer coefficient between circulating
idized bed and heat exchange surfaces in both large
as well as laboratory scale risers have been measured
reported in numerous papers [1,4,10,17–19,45–47] am
others. Unfortunately, much of data were limited to sm
scale and low temperature conditions. However, the co
bution of radiation to the overall heat transfer process in
operating temperature range of 600–900◦C is still in ques-
tion. Most of investigators have reported indirect radiat
heat transfer coefficient see Steward et al. [7], Werderm
and Werter [10], Golriz and Sunden [31], and Wu et al. [3
among others. Predictions from the present model fall
atively close to thehr estimated by authors from total he
flux measurements for large-scale CFB boilers, as we
Wu et al. [35] for a laboratory scale CFB, as shown in
ble 2. There are only a few investigators that measured d
radiative heat flux with a probe, i.e., Luan et al. [42], Ba
and Konuche [48], and Han and Cho [49]. In this work,
compare the results of the prediction with the experime
data of those works that measured direct radiative heat tr
fer coefficient. The dimensions and operating conditions
these units are summarized in Table 3.

Basu and Konuche [48] measured local radiative h
transfer coefficient in a 6.7 m high, 0.20 m× 0.20 m cross-
sectional area riser by means of a window probe. The p
consisted of two 38.1 mm diameter quartz glass placed 3
apart in front of the receiving brass cylinder. The body
the probe was made of a 14 mm long and 25.4 mm diam
stainless steel plug, one end of which was heated by the

while the other end was cooled by water. Tests were carried
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Table 2
Operating conditions and comparison of model prediction with the estimatedhr from high temperature experimental data

Author Steward et al. [7] Werdermann and Werther [10] Golriz and Sunden [31] Wu et al. [35

Bulk temperature [◦C] 850 858 800–850 701
Probe surface or wall temperature [◦C] 279 340 210 83
Probe surface or wall emissivity 0.85 N/A 0.8 N/A
Particle density [kg·m−3] 2100 2500 2600 3066
Particle diameter [µm] 200 209 270 299
Suspension density [kg·m−3] 2–40 9.2 15–70 60
Riser diameter [m] 3.96× 3.96× 23 5.13× 5.13× 28 1.4× 1.7× 13.5 0.15× 0.15× 7.3
Gas velocity [m·s−1] 6.4 N/A 4–6 6.5–8.6
hr (estimated by authors) [W·m−2·K−1] 100 109 75–80 68
hr/h [W·m−2·K−1] 50% 33% and 63% 46–67% 64%
Predictedhr by the 91 96 79–90 56
Model [W·m−2·K−1]

N/A = Not Available.

Table 3
Operating conditions and comparison of model prediction with the experimentalhr data

Author Luan et al. [42] Basu and Konuche [48] Han and Cho [49]

Bulk temperature [◦C] 800–900 650, 885 650–850
Probe surface or wall temperature [◦C] 25–189 50, 70 N/A
Probe surface or wall emissivity 0.9 N/A 0.7
Particle density [kg·m−3] 2610 2650 2600a

Particle diameter [µm] 286 & 334 296 450
Suspension density [kg·m−3] 20–90 4–30 20–30
Riser diameter [m] 015× 015× 7.3 0.2× 0.2× 6.7 0.2× 0.2× 6.0
Gas velocity [m·s−1] 8 8–11 3.0–5.0
Measuredhr [W·m−2·K−1] 19–143 45, 110 60–120
Predictedhr by the model [W·m−2·K−1] 11–98 47, 86 forTw = 100◦C 44–83

for Tw = 250◦C 57–96

N/A = Not Available.

a Estimated value.
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tive
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out on sand particles of mean size 296 µm, at local
pension densities 4–30 kg·m−3, and over a bed temperatu
range 500–900◦C. Basu and Konuche [48] reported that t
radiative component is 74–91% of the total heat flux tra
ferred from suspension to the wall. This is much higher t
other reported values in the literature for the direct radia
heat transfer measurements that are between 15–36%
22–38% [42], and for indirect, 50% [7]; 46–67% [31]; a
25–50% [36]. Fig. 3 compares the model predictions and
perimental results. The model substantially underestim
radiative heat transfer coefficients at higher temperatu
while the predictions are quite close at lower temperatu
One reason for the deviations could be that heat condu
through the windows could not be removed totally. Anot
reason could be that the body of the probe was assumed
insulated such that conduction took place in one dimen
only; failing this make that higher heat flux was recorded
it will increase with suspension temperature. Another po
ble cause is that the model does not consider the depend
of eb on the bed temperature as reported by Baskakov [5

Luan et al. [42] reported experimental local radiative h
transfer coefficients at temperatures from 200 to 900◦C and
at local cross-sectional average suspension densities fro

to 90 kg·m−3. The riser was 152 mm square in cross section
;

e

y

0

Fig. 3. Comparison of predicted radiative heat transfer coefficient with
perimental data of Basu and Konuche [48] for different suspension
perature. Operating conditions are listed in Tables 1 and 3.dp = 296 µm;
ρsus= 4–30 kg·m−3; ρp = 2650 kg·m−3. Line shows predicted results.

and 7.3 m high. The radiative heat fluxes were estima
using both the differential emissivity method and the w
dow method for sand of mean diameters 286 and 334
The surface temperature varied between 25 and 189◦C [51].
Fig. 4 shows the experimental and predicted local radia
heat transfer coefficients as a function of suspension tem

ature. Data from Luan et al. [42] exceeds simulation results
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Fig. 4. Comparison of predicted radiative heat transfer coefficient
experimental data of Luan et al. [42] for different suspension temp
ture. Operating conditions are listed in Tables 1 and 3.dp = 286 µm;
ρsus= 50 kg·m−3; ρp = 2610 kg·m−3. Line shows predicted results.

Fig. 5. Comparison of predicted radiative heat transfer coefficient
experimental data of Han and Cho [49] for different suspension tem
ature. Operating conditions are listed in Tables 1 and 3.dp = 450 µm;
ρsus= 20–30 kg·m−3; ρp = 2600 kg·m−3. Lines show predicted results
solid (T = 250◦C) and dashed (T = 100◦C).

from the model at higher temperatures. One possible ex
nation for this could be that they did not fully succeed
isolating the radiation component, and has received a co
bution from convection/conduction at higher temperatu
This would be reinforced by combustion gas conductiv
which increases with temperature. A second explana
could be that the suspension and/or riser emissivities
have been larger at higher temperatures.

In Fig. 5 the experimental data of Han and Cho [4
at superficial gas velocity of 4 m·s−1, suspension densit
of 25 kg·m−3, particle diameter of 450 µm in a CFB ris
with 0.2 × 0.2 m in cross-section are compared with mo
predictions at wall temperatures of 100 and 250◦C, since
the actual wall temperatures were not available. The ra
tion probe consisted of a brass body, calcium fluoride w
dow and heat flux transducer. The diameter of the sens
6.35 mm and it is water-cooled. In the calculationsep = 0.6
andew = 0.8 were used. At highest temperature, the fig
shows the same tendency as discussed in the comparis

Luan et al. [42] and Basu and Konuche [48] above. Because
to

Fig. 6. Influence of suspension density and particle diameter on radi
heat transfer coefficient.

of the unknown wall temperature we will not draw other co
clusions.

3.2. Sensitivity analysis

The model is used to study influence of various pa
meters on the radiative heat transfer coefficient in C
combustors. The most important parameters such as
pension temperature, wall temperature, particle emissi
wall emissivity, suspension density, particle diameter,
the riser diameter are studied. The base case operating
ditions are shown in Table 1.

If suspension density is set toρsus= 0 in the model, no
attenuation of radiative heat transfer from particles in
suspension occurs, and the same results should be ach
as by using Eq. (5) with the same emissivity values. T
particles are introduced with increasing of suspension d
sity levels in the model andhr gradually decreases belo
the prediction of Eq. (5). Fig. 6 shows that the radiative h
transfer coefficient decreases with suspension density a
pected. This is due to increase in several related factors
as particle concentration of the clusters, fraction of wall c
ered by clusters, and wall layer thickness. This shows
decreasing suspension density decreases the total heat
fer coefficient whilehr increases. This is more significant
commercial CFB boilers where the suspension density va
between 2 to 17 kg·m−3 [52]. This figure shows also that th
hr increases with increasing particle diameter. This is du
the decreased attenuation of the emitted and scattered
ation from different optical depths in the clusters as wel
in the dispersed/dilute phase, as reported by Brewster
The dashed line in this figure indicates the maximum ra
tive heat transfer coefficient, Eq. (5).

The radiative heat transfer coefficient increases as
pension temperature increases (Fig. 7). This is consis
with the experimental results reported by, e.g., Basu
Konuche [48], Luan et al. [42] and Han and Cho [49].hr

increases also with increasing wall temperature as show

this figure.
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Fig. 7. Radiative heat transfer coefficient as a function of wall tempera
and suspension temperature.

Fig. 8. Radiative heat transfer coefficient as a function of particle emiss
and wall emissivity.

The particle emissivity value used in this study (ep = 0.6)
is uncertain. One reason for this is that from the first d
of use the sand particles are coated by mainly a mix
of Ca- and Mg-silicates as well as P and are mixed w
ashes especially when biomass fuels are used, Brus
[53] and Sjösten et al. [54]. Values of 0.6 � ep � 0.85 and
0.7 � ew � 1.0 are used in the literature see, e.g., [31,
55]. The influence of particle and wall emissivities is illu
trated in Fig. 8. This figure indicates thathr increases with
increasing either particle emissivity or wall emissivity. It
obvious that assuming a certain particle or wall emissi
will greatly affect the predicted results. For example vary
ep from 0.6 to 0.85, atew = 0.8 leads to 23% increase of th
radiative heat transfer coefficient. This increases even m
at higher wall emissivities.

Fig. 9 shows that above a suspension density of 2 kg·m−3,
increasing riser diameter leads to decreasinghr . This can be
explained by decreasing wall area in comparison to riser
ume, which causes a thicker wall layer and thus a stron
radiation shield. Curves representing 5 and 10 kg·m−3 in
suspension densities, show how the wall layer builds up
decreases thehr . This effect has almost vanished at a susp
sion density of 20 kg·m−3, and at 30 kg·m−3 riser diameters

show no significant influence on radiative heat transfer coef-
l.

Fig. 9. Influence of riser diameter and suspension density on radiative
transfer coefficient.

ficient. This suggests that at this suspension density, the
layer is already fully developed at a riser diameter of 2 m

4. Conclusions

A new model, based on the two flux method, is p
posed to determine local radiative heat transfer coeffici
on walls of the furnace of a circulating fluidized bed co
bustor. The model contains several parameters and the
ficulties in estimating these were thoroughly discussed
was found that the model predictions were in good ag
ment with experiments at lower temperatures and under
mates at higher temperatures. The deviation may be du
the experimental results having a contribution from conv
tion/conduction especially at higher temperatures.

The simulation results indicate that radiation heat tran
coefficients increase with bulk temperature, wall tempe
ture, wall emissivity and particle emissivity. But radiati
heat transfer coefficients decrease significantly with sus
sion density at suspension densities less than 20 kg·m−3.
Influences of particle size and riser diameter on thehr are
limited to lower suspension densities in CFB’s of indust
size.
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