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a b s t r a c t

The bed-to-wall heat transfer in a circulating fluidized bed (CFB) combustor depends on the heat transfer
contributions from particle clusters, dispersed/gas phase and radiation from both of them. From the avail-
able CFB literature, most of the theoretical investigations on cluster and bed-to-wall heat transfer are
based on mechanistic models except a few based on mathematical and numerical approaches. In the cur-
rent work a numerical model proposed to predict the bed-to-wall heat transfer based on thermal energy
balance between the cluster/dispersed phase and the riser wall. The effect of cluster properties and the
thermal boundary conditions on the cluster heat transfer coefficient are analyzed and discussed. The fully
implicit finite volume method is used to solve the governing equations by generating a 2D temperature
plot for the cluster and the dispersed phase control volumes. From this 2D temperature profile, space and
time averaged heat transfer coefficients (for cluster, dispersed phase and radiation components) are esti-
mated for different operating conditions. The results from the proposed numerical simulation are in gen-
eral agreement with published experimental data for similar operating conditions. The results and the
analysis from the current work give more information on the thermal behavior of the cluster and dis-
persed phases, which improves the understanding of particle and gas phase heat transfers under different
operating conditions in CFB units.

� 2008 Published by Elsevier Ltd.
1. Introduction

Circulating fluidized bed (CFB) combustion is one of the most
advanced energy technologies available today for power genera-
tion using high ash, high sulfur coals, with reduced emissions of
sulfur and nitrogen oxides (SO2and NOx). Other solid materials
such as biomass, municipal waste and wood chips can also be used
as the primary fuel to produce high pressure and temperature
steam for power generation and process utilities.

The heat transfer phenomena inside the CFB combustor riser col-
umn mainly occurs between the suspended bed and the water-wall
surfaces which are arranged above the secondary air injection level.
The bed-to-wall heat transfer is the combination of convection and
radiation heat transfer from cluster and dispersed phases. Investi-
gation on these components gives better understanding of the heat
transfer mechanism inside the CFB combustor. From the published
investigations reported so far, measurements of the heat transfer
components experimentally is quite difficult and thus mechanistic
and mathematical models are used to estimate the component heat
transfer coefficients and are combined in a specific way to obtain
the bed-to-wall heat transfer coefficient which can then be com-
Elsevier Ltd.

1; fax: +1 905 721 3370.
@hotmail.com (B.V. Reddy).
pared with the experimental data. In the mechanistic approach,
the cluster heat transfer coefficient is estimated using the correla-
tions, deduced from experimental data by the local estimation of
cluster properties combined with the mechanism of cluster behav-
ior. The mathematical approach is done by developing a model by
building governing equations from the fundamental mechanism
and solving the equations using numerical methods with appropri-
ate assumptions and boundary conditions.

The current work focuses on a mathematical model that in-
volves the energy balance between the cluster and the riser wall.
The model also uses correlations for the estimation of cluster prop-
erties and a brief account on them as reported in CFB literature is
provided here. The cluster voidage (porosity) is found to be in
the range of 0.6 to 0.8 reported by Soong et al. [1] and Lints and
Glicksman [2]. The shape of the cluster has been described by
many researchers including Rhodes et al. [3] as slender strands;
Lim et al. [4] noted elliptical and ellipsoidal frontal shapes; infrared
images of Noymer and Glicksman [5] show rounded clusters trav-
eling near the riser wall. The size of a cluster for a scale-model CFB
was measured by Rhodes et al. [3] and Lim et al. [4] as 0.5–2.0 cm
and verified by Noymer and Glicksman [5]. The typical descent
velocity for the cluster is between 0.5 and 2.0 m/s as reported by
Rhodes et al. [3] and Wang et al. [6] and verified by Noymer and
Glicksman [5]. Proximity of the cluster to a wall was observed by
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Nomenclature

cp specific heat, J/kg K
csf cluster solid fraction
dp mean particle size in the bed, lm
e emissivity
f fraction of the wall covered by clusters
fcw cluster to wall radiation view factor
fdw dispersed phase to wall radiation view factor
g acceleration due to gravity, m/s2

h bed-to-wall heat transfer coefficient, W/m2 K
hc cluster heat transfer coefficient, W/m2 K
hd dispersed (gas) phase convection heat transfer coeffi-

cient, W/m2 K
hr radiation heat transfer coefficient, W/m2 K
kc thermal conductivity of the cluster, W/m K
Lc cluster characteristic travel length, m
n cross-sectional average solids volume concentration
Pr Prandtl number
R thermal radiation source term coefficient
tc cluster residence time, s
T temperature, K
Uc cluster descent velocity, m/s
Ut terminal velocity of solid particles in the bed, m/s
Y fraction of particles in the dispersed phase

Greek symbols
a thermal diffusivity of the gas, m2/s
e volumetric void fraction or voidage
�e cross-sectional average voidage at the considered loca-

tion
l dynamic viscosity of the gas, Ns/m2

q density, kg/m3

Subscripts
b bed/suspension
c cluster
d dispersed
g gas
p particle
w wall

Abbreviations
CFB circulating fluidized bed
CEBM cluster energy balance model
CV control volume
B.C. boundary condition
I.C. initial condition
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Lints and Glicksman [2] and is as close as 100 lm from the wall.
The existing mathematical models on the cluster hydrodynamics
that are reported so far include the work of by Tsuji et al. [7] where
cluster patterns are predicted by numerical simulation of particle
motion under the effects of inter-particle collision. Noymer and
Glicksman [5] modeled the motion of clusters near the wall, treat-
ing the clusters as permeable bodies. A hydrodynamic model to
predict the formation of clusters from particles in dense phase un-
der the influence of inter-particle forces was developed by Park [8].
Moran and Glicksman [9] simulated the gas flow surrounding a
single cluster using the mass conservation and Darcy’s law for flow
in a permeable body to solve for the pressure and velocity fields.
There are several other two-fluid models for particle and cluster
flow simulation to predict the hydrodynamics of the clusters and
particles in CFB riser column without much information on their
heat transfer characteristics. The 2D heat transfer model proposed
by Xie et al. [10] reports some results based on energy balance ap-
proach but for particles and gas as the control volumes instead of
the clusters. The cluster based energy balance and specific analysis
relating to the cluster mechanism like the influence of cluster
properties on the cluster heat transfer characteristics is not inves-
tigated in the existing literature. There is very limited information
available on the cluster temperature profile under different operat-
ing conditions which would help in understanding how the cluster
temperature changes with time for these conditions. The effect of
changing thermal boundary conditions on the cluster and dis-
persed phase heat transfers is not reported so far.

Thus the current work proposes the cluster thermal energy bal-
ance model to estimate the cluster convection, dispersed phase
convection, cluster radiation, dispersed phase radiation and bed-
to-wall heat transfer coefficients in a CFB combustor. This will pro-
vide better understanding of the fundamental heat transfer process
from particles and gases in the CFB riser column under different
operating conditions.

2. Heat transfer mechanism

The heat transfer inside the CFB combustor riser column occurs
through particles and combustion gases through convection and
radiation in two distinct axial regions of core and annulus. The di-
lute region in the center forms the ‘‘core” region where particles
mostly travel upwards along with the gases. Some of the particles
re-circulate within the riser by falling into the wall region where
the particles start descending along the wall forming the ‘‘annulus”
region. While descending downward the particles form into groups
described qualitatively by Basu and Fraser [11]. The newly grouped
particles called ‘‘clusters” transfer the bulk heat energy from the
particles it contains to the wall. The cluster travels through a cer-
tain distance, called the cluster characteristic travel length (Lc) at
a descending velocity (Uc) after which it breaks due to several fac-
tors including increase in mass and the local forces. The clusters
keep forming and breaking in a cyclic process that makes them a
major contributor to the heat transfer process from the suspended
bed. The particles from the disintegrated clusters along with the
surrounding gases in the annular region form the ‘‘dispersed
phase”. At any given instant, there is a continuous exchange of
particles from the core to the annulus and annulus to the core,
resulting in continuous transfer of heat energy to the wall. Thus
the bed-to-wall heat transfer is established through clustered
phase convection, dispersed phase convection and the combined
radiation from these two phases. Details on the phenomena dis-
cussed above is explained in hydrodynamics and heat transfer
chapters of Grace et al. [12] and previously reviewed by Basu
and Nag [13] from a heat transfer view point.

3. Cluster energy balance model (CEBM)

Energy is transferred from the suspended bed of the CFB com-
bustor to the water walls in the form of heat transfer through con-
vection and radiation. Since the particle concentration is more near
the wall in the form of clusters, there is momentary heat conduc-
tion inside these particle agglomerates due to the difference in
the temperature of the cluster and the bulk temperature of the
bed. While conducting heat from the bed momentarily the clusters
transfer part of the heat it absorbed to the water wall through con-
vection, again due to temperature difference between the cluster
and the wall. The thermal energy balance between the bed and
the cluster and between the cluster and the wall are put together
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Fig. 1. Control volumes: (a) cluster and (b) equal sized dispersed phase, with boundary conditions of bed and wall temperatures along with the respective initial conditions.
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in a single governing equation to estimate the temperature profile
of the cluster for a given set of operating conditions. The governing
equation for the model is a two-dimensional heat balance equation
with a non-linear source term to account for the radiation mode of
the cluster heat transfer process. The control volume for the model
is shown in Fig. 1. The heat equation for the clustered phase, rep-
resenting the heat transfer from the cluster to the wall:

qccpc
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ot
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net thermal radiation energy generated by the cluster

ð1Þ

The dispersed phase occurs near the walls of the CFB riser due to the
continuous breaking and forming of clusters. The particles of a
disintegrated cluster and individual particles which do not form
clusters along with the combustion gases form the dispersed phase
which coexists along with the clusters near to the wall. For the
current model the dispersed phase is numerically calculated for
the same time span as the cluster phase. That is to find, how much
heat is transferred from the dispersed phase for the same time (tc)
as the cluster phase. Applying the energy balance, the governing
equation for the dispersed phase becomes.
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net heat increase inside the dispersed phase through conduction
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net thermal radiation energy generated by the dispersed phase

ð2Þ

The behavior of the clusters and dispersed phase in various situa-
tions such as other clusters beside the one next to the wall can be
handled with appropriate boundary temperature conditions (one
such scenario is discussed in Section 8.3).

4. Clustered phase properties

The cluster properties are estimated from the correlations re-
ported in the literature (Basu and Nag [13]). The cross-sectional
average voidage of the bed is a function of the bed or suspension
density and is given as
�e ¼
qb � qp

qg � qp
ð3Þ

The cluster solid fraction (csf) is the fraction of solid particles residing
in the cluster when it is formed and is a function of cross-section
bed average voidage ð�eÞ from Lints and Glicksman [2]

csf ¼ 1:23ð1� �eÞ0:54 ð4Þ
The cluster solid fraction and the number of clusters formed depend
on the suspension density. The volumetric void fraction or voidage of
the cluster (ec) gives the amount of void in the clusters. Two differ-
ent expressions are used to estimate this voidage the first expres-
sion is given by Lints and Glicksman [2];

ec1 ¼ 1� csf ð5Þ

The second expression for ec is from Harris et al. [14] which is a
function of average voidage;

ec2 ¼ 1� 0:58ð1� �eÞ1:48

0:013þ ð1� �eÞ1:48 ð6Þ

The characteristic travel length (Lc), is the distance descended by the
cluster before it disintegrates near the wall in a CFB unit and is gi-
ven by Wu et al. [15];

Lc ¼ 0:0178q0:596
b ð7Þ

The two different cluster descent velocities (Uc) are considered. The
cluster velocity when the gas flows around the cluster as derived
by Noymer and Glicksman [16] is

Uc1 ¼
2

CD

qp

qg
ð1� ecÞgdc

 !0:5

ð8Þ

The cluster shape used in published mathematical and numerical
models are primitive geometries such as sphere and cylinder
(Moran and Glicksman [9], Noymer and Glicksman [5,16]). Here
the shape is chosen to be a sphere, just to induce a change in the
cluster descent velocity and analyze the related influence on the
heat transfer characteristics. Thus the expression in Eq. (8)
becomes;

Uc2 ¼
2mcg

CDqgAc

 !0:5

ð9Þ

The mass of the cluster is obtained using the basic definition of
mass, mc = qcVc where the volume of the cluster is the volume of
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a sphere, whose size is varied with values of about 1 to 2 cm being
an average size of the cluster reported in Harris et al. [14] for mea-
sured values of cluster sizes from different experimental data. The
expression in Eq. (9) accounts for the mass and shape of the cluster
along with its size. Both the cluster descent velocity expressions gi-
ven in Eqs. (8) and (9) will be used to get two set of heat transfer
values and will be compared and discussed. The Fractional wall cov-
erage (f) gives the amount of clusters that will be found near the
wall for a given suspension density given by the relation found in
Lints and Glicksman [2];

f ¼ 3:5ð1� �eÞ0:37 ð10Þ

The cluster control volume and the riser wall can be assumed as two
parallel planes such that the cluster radiation view factor becomes,

fcw ¼
1

1
ew
þ 1

ec
� 1

� � ð11Þ

where the emissivity of the cluster is estimated using the relation
given by Grace [17];

ec ¼ 0:5ð1þ epÞ ð12Þ

The cluster radiation source term factor is given as

Rc ¼ 4rfcw ð13Þ
Table 1
Values of physical properties and conditions used in the current model

Solid particle (sand): Incropera
and DeWitt [27]

qp = 2300 kg/m3, kp = 0.27 W/mK,
cpp = 800 J/kgK, ep = 0.85

Gas (air): Flamant [21] qp = 351/Tavg kg/m3,
5. Dispersed phase properties

As mentioned earlier the dispersed phase is the gaseous phase
with few dispersed solid particles in it. The estimation of the dis-
persed phase properties is again based on the cross-section aver-
aged volume void fraction of solid particles and gases involved in
the dispersed phase. The thermal conductivity of the dispersed
phase is given by

kd ¼ Ykp þ �ekg ð14Þ

The specific heat of the dispersed phase is given by

cpd ¼ Ycpp þ �ecpg ð15Þ

The density of the dispersed phase is given by

qd ¼ Yqp þ �eqg ð16Þ

where Y = 0.001 as suggested by Basu [18]. The dispersed phase
control volume and the riser wall can be assumed as two parallel
planes such that the dispersed phase radiation view factor becomes

fdw ¼
1

1
ew
þ 1

ed
� 1

� � ð17Þ

where the emissivity of the dispersed phase for isotropic scattering
is estimated using the relation given by Brewster [19]

ed ¼
ep

ð1� epÞ0:5
ep

ð1� epÞ0:5
þ 2

� �� �0:5

� ep

ð1� epÞ0:5
ð18Þ

The radiation source term factor for the dispersed phase is given as

Rd ¼ 4rfdw ð19Þ

Tavg=(Tb + Tw)/2K kg = 5.66 � 10�5 Tavg + 1.1 � 10�2 W/mK,

cpg = (0.99 + 1.22 � 10�4Tavg)�103-
ð5:68� 103T�2

avgÞ � 103J=kgK,
lg ¼ 0:42� 10�6T2=3

avg Ns=m2

Parameter values: dp = 250 lm, Ug = 6 m/s, ew = 0.7
Operating conditions: qb = 5–40 kg/m3

Tb = 1100 K, Tw = 600 K
6. Assumptions

– Clusters and dispersed phase travel very close to the wall with
negligible gap between them and the wall.
Initial and boundary conditions: Tinit = Tb, Tavg

TBC = Tb, Tw, Tavg

– The boundary conditions are constant temperatures, with the

bed side boundary at Tb at all times and wall side boundary at
Tw at all times. The top and bottom boundary temperatures
are changed for specific cases involved in the analysis.
– No collision or influence of other clusters or particles
considered.
– Internal heat generation within the control volume is not
included, though that can be added as a source term.
– The size and mass of the cluster and dispersed phase remains
constant for entire time till tc.

7. Solving the model

The governing equations (Eqs. (1) and (2)) are solved using the
control volume method by using the fully implicit scheme with the
above mentioned assumptions. Table 1 gives the physical proper-
ties and range of operating conditions used for the model. The con-
trol volumes are as shown in Fig. 1. Cluster and dispersed phase
control volumes are discretized into 2D finite volume grids with
Dx = L/X and Dy = L/Y where L = dc, X = Y = 200 for dc = 10dp and
X = Y = 400 for dc = 20dp. The calculation starts at t = 0 and ends
when the time reaches t = tc where the cluster disintegrates, with
a time step of Dt = 0.0005 and the number of time steps (n) is
determined based on tc, i.e. n = tc/Dt. The numerical procedure
solves the cluster equation (Eq. (1)) in time and then separately
solves the dispersed phase (Eq. (2)) for the same time. The solution
is obtained using the initial and boundary conditions for both the
control volumes (Fig. 1). The resulting solution gives the tempera-
ture for all the nodes in the 2D grid from which the heat transfer
coefficient is calculated. The discretization of the governing Eqs.
(1) and (2) follows the standard procedure of control volume
numerical formulation as an integration of Eq. (1) or (2) with time
over the cluster or dispersed phase control volume (Fig. 1) givesZ tþDt

t

Z
CV

qc
oT
ot

dV dt ¼
Z tþDt

t

Z
CV

o

ox
k

oT
ox

� �
dV dt

þ
Z tþDt

t

Z
CV

o

oy
k

oT
oy

� �
dV dt

þ
Z tþDt

t

Z
CV

RT3 oT
ox

� �
dV dt

þ
Z tþDt

t

Z
CV

RT3 oT
oy

� �
dV dt

þ
Z tþDt

t

Z
CV

sdV dt ð20Þ

This equation after implementing the finite volume formulation
becomes a discretized equation as given here

aPTP ¼ aETE þ aWTW þ aNTN þ aSTS þ a0
PT0

P þ SC ð21Þ

Eq. (21) is solved using the Tri-Diagonal Matrix Algorithm (TDMA)
which gives the temperature of every node in the cluster and dis-
persed phase control volume grids. Based on the number grid
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points, the solution is grid independent and with multiple sweeps
for the TDMA per time step the sensitivity of the numerical solution
is nil. The boundary of the control volume facing the wall starts
loosing heat to the wall and a temperature profile sets inside the
control volume by the time the cluster reaches its disintegration
point. From this temperature profile component heat transfer coef-
ficients can be estimated using the conduction-convection relation.
The time averaged cluster convective heat transfer coefficient is esti-
mated as given below;

hc ¼ avg kc
ðTcx � TwÞy
DxðTb � TwÞ

" #
t

ð22Þ

where x in Tx represents the last node of the control volume, next to
the riser wall. The temperature difference is along the x-direction
(width of the control volume) and then they are averaged along
y-direction (height of the control volume). The thermal conductivity
of the cluster (kc) is estimated from the expression given by Gelperin
and Einstein [20]. The time averaged dispersed phase (gas) convective
heat transfer coefficient is estimated similarly as

hd ¼ avg kd
ðTdx � TwÞy
DxðTb � TwÞ

" #
t

ð23Þ

The time averaged radiation heat transfer coefficient for the cluster
is given below

hrc ¼ avg½rfcwðTcx þ TwÞðT2
cx þ T2

wÞ�t ð24Þ

The time averaged radiation heat transfer coefficient for the dis-
persed phase is given below

hrd ¼ avg½rfdwðTdx þ TwÞðT2
dx þ T2

wÞ�t ð25Þ

And the time averaged total heat transfer coefficient for bed-to-wall
heat transfer is calculated as

�h ¼ f hc þ ð1� f Þhd þ f hrc þ ð1� f Þhrd ð26Þ

The heat transfer coefficient is estimated for different set of operat-
ing conditions and cluster properties for analysis and discussion.

8. Results and discussion

The cluster and bed-to-wall heat transfer coefficients are esti-
mated for a range of suspension densities (5–40 kg/m3) and for
different cluster properties and operating conditions. The
thermo-physical properties of the solid particles are as follows
qp = 2300 kg/m3, kp = 0.27 W/m K, cpp = 800 J/kg K and ep = 0.85.
The thermo-physical properties of the gas are calculated using cor-
relations from Flamant [21]. The bed and wall temperatures are at
1100 K and 600 K respectively. The particle size dp = 250 lm and
the superficial gas velocity of 6 m/s. The results are discussed for
parameters that mainly affect the cluster heat transfer coefficient.

8.1. Effect of operating conditions

The cluster properties and the local bed conditions are functions
of suspension density, thus making it the primary operating condi-
tion for the heat transfer model in the CFB combustor. For the cur-
rent analysis all the model parameters and cluster properties are
plotted with respect to the suspension density. The temperature
profile of the cluster at time tc is shown in Figs. 2 and 3 with the
indication of bed and wall sides of the cluster. The profile in
Fig. 2 gives the average of temperatures of all the vertical nodes
(i.e., averaged along the height) into a row of temperature across
the width of the cluster which is plotted for three different suspen-
sion densities. The temperature profile gives a better picture of the
heat transfer process from one side to the other side of the cluster
making it easier to discuss the cluster heat transfer coefficient. The
cluster heat transfer coefficient increases with increase in suspen-
sion density as shown in Fig. 3 for the given conditions. This is due
to the presence of more particles in the cluster which are formed at
a higher suspension density. The presence of more particles inside
the cluster increases its bulk temperature through conduction
within the cluster. This can be observed through the temperature
profile across the thickness of the cluster (near the wall side) as
shown in Fig. 2 for three different suspension densities. The 30
kg/m3 curve has higher temperature due to higher particle concen-
tration. It also shows that the cluster formed at lower suspension
density has higher gradient in temperature thus limiting heat
transfer to the wall. The temperature gradient near the ‘wall side’
is used in calculating the cluster heat transfer coefficient as given
in Eq. (20). Apart from the suspension density the other operating
condition that affects the heat transfer coefficient is the bed tem-
perature and the details are reported previously (Vijay and Reddy
[22], Basu and Nag [13], Wu et al. [15]).

8.2. Effect of cluster parameters

(i) Cluster Voidage: The cluster voidage specifies the amount
of gas present inside the cluster, estimated using the
correlations of Lints and Glicksman [2] in Eq. (5) (ec1) and Har-
ris et al. [14] in Eq. (6) (ec2) are functions of the suspension
density, and thus have a distribution with increase in suspen-
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sion density. For the given suspension density distribution (5
to 40 kg/m3) the cluster voidage values of ec1 ranges from
0.957 to 0.863 and values of ec2 ranges from 0.996 to 0.908.
The cluster with ec1 has lower voidage or higher particle con-
centration and thus higher cluster heat transfer coefficient as
shown in Fig. 3. The cluster with ec2 has more voidage and
thus has lower cluster heat transfer coefficient. Within the
ec1 voidage distribution, the heat transfer coefficient varies
significantly for changes in cluster size because of higher solid
concentration inside the cluster. The cluster size does not
affect the heat transfer values of cluster with ec2 because of
higher voidage in the cluster for lower suspension density.
The cluster with ec2 shows better sensitivity in heat transfer
values with change in suspension density than the cluster
with ec1. This is due to lower voidage in the cluster with ec1,
that it has higher temperature even at low suspension density
(in Fig. 2 the 5 kg/m3 curve for ec1). The cluster temperature
profile for the two cluster voidage (ec1 and ec2) at a particular
suspension density is shown in Fig. 4 for two different cluster
sizes (10dp and 20dp). The cluster with ec1 has low tempera-
ture gradient for both cluster sizes due to higher particle con-
centration based on its voidage distribution and thus will
have higher heat transfer coefficient (Fig. 3). The cluster with
ec2 has more temperature gradient along the thickness of the
cluster and thus has lower heat transfer coefficient. These
two cluster voidage distributions shows that even a small
change in cluster voidage influences the cluster heat transfer
coefficient significantly thus making it an important parame-
ter in modeling cluster heat transfer estimation. The proper
estimation of this voidage is essential for realistic cluster heat
transfer coefficient prediction.

(ii) Cluster size: The cluster size is often neglected in cluster heat
transfer analysis which in fact gives more information regard-
ing the relationship between cluster properties and the
impact on its heat transfer characteristics. The cluster size is
included in the model at two places. One in the cluster des-
cent velocity estimation for calculating the cluster Reynolds
number and the other place is the size of the 2D grid which
equals the diameter of the cluster. For comparison of heat
transfer values among different cluster sizes for the current
model four cluster dimensions are used. They are 10 and 20
times the size of the solid particle (dp = 250 lm) having two
different clusters of 2.5 mm and 5 mm in diameter, which is
within the range of measured values of cluster sizes occurring
in experimental CFB units as reported in Harris et al. [14]. The
variations in cluster heat transfer coefficients for these two
clusters are shown in Fig. 3. The larger cluster (20dp) has
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higher cluster heat transfer coefficients than the smaller clus-
ter (10dp) for both cluster voidage. This is because for a given
suspension density, the solids concentration in a larger cluster
will be higher than a smaller cluster. The large cluster with ec1

in Fig. 3 indicates a cluster with higher solids concentration.
For cluster with ec2 there is very little difference in heat trans-
fer values for the two cluster sizes. The temperature profile in
Fig. 4 also supports the higher heat transfer to the wall from
larger clusters due to large difference in temperatures
between the cluster wall and the riser wall.

(iii) Cluster descent velocity: The cluster descent velocity is an
important characteristic of the cluster since its value affects
the resident time of the cluster near the wall and thus the heat
transfer coefficient. The cluster descent velocity in the current
model is estimated using two different expressions as given in
Eqs. (8) and (9). The value of descent velocities estimated
from these two equations with respect to the suspension den-
sity range (5–40 kg/m3) has the following range: Uc1: 1.2–
5.6 m/s and Uc2: 0.4–1.6 m/s. From the values, it is evident
that the cluster with Uc1 descends almost twice as fast as
the cluster with Uc2. The value of cluster resident time (tc)
for the respective velocities shows that the faster the cluster
descends the less time it stays near the wall. From the tc val-
ues for Uc1 and Uc2 it is observed that, the Uc2 cluster will stay
twice as long as the Uc1 cluster near the wall. This will induce
a larger temperature gradient inside the cluster descending at
Uc2 resulting in lower cluster heat transfer coefficient values.
This can be observed in the cluster heat transfer values for
the two velocity distributions shown in Fig. 5. The dense clus-
ter (ec1) with Uc1 has higher heat transfer values due to smal-
ler gradients in temperature and the fact that at higher
suspension densities this cluster will have more particles than
ec2 cluster (which has higher voidage for the same suspension
density). The fact that the U c1 cluster has higher heat transfer
than the slower Uc2 cluster in Fig. 5 shows that the rate of heat
transfer is higher and the cluster has very little time to cool
before it breaks. The heat transfer value for the slower cluster
(Uc2) is lower may be due to loss of heat since it stays near the
wall for longer time.

(iv) Cluster characteristic descent length: The cluster descent length
as given in Eq. (7) as a function of suspension density under-
predicts the length and to have better prediction for larger
CFB units, a length 10 times Lc in Eq. (7) is suggested as
reported in Wu et al. [15] and Basu and Nag [13]. This is done
mainly to account for the discrepancy when cluster descends
longer than normal distances especially in commercial CFB
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combustors. With increasing cluster descent length the clus-
ter heat transfer coefficient decreases suggesting that the
cluster cools down as it travels longer. If the cluster descends
or stays as a cluster far enough, it cools down as shown in
Fig. 6 where the change in cluster heat transfer coefficient
with time is given for two different cluster descent lengths
(Tb, Lc and Tb, 10 Lc curves). The cluster for Lc distance looses
heat to the wall rapidly from t = 0 till t = tc thus showing bet-
ter heat transfer to the wall. Whereas the cluster for 10Lc dis-
tance, has almost the same heat transfer coefficient from the
start till the end, which shows that, the cluster that has trav-
eled 10 times longer than another cluster with same proper-
ties, has very little change in heat transfer with time after
certain distance.

8.3. Effect of initial and boundary temperatures of the control volume

The cluster as it forms has an initial temperature which is the
accumulated bulk temperature of all the solid particles inside the
cluster. This temperature influences the temperature profile of
the cluster as it descends till it breaks. There are chances where
a cluster might be formed with some particles having transferred
its heat energy already to the wall when they form part of the clus-
ter. Thus the average initial temperature of the cluster may not be
the same as bed temperature always. The other reason will be the
cluster being near the wall, which has considerably low tempera-
ture than the bed side of the cluster. If a cluster has an average
of bed and wall temperature as its initial temperature (i.e.
Tavg = 850 K) the change in cluster heat transfer coefficient with
time is shown in Fig. 6 for two different cluster descent lengths
(Tavg, Lc and T avg, 10Lc curves). The cluster which travels for L c dis-
tance starts cooling from the start and begins to increase its heat
transfer near the end (near tc). Whereas the cluster which travels
for 10 times longer distance (10Lc) starts to gain heat from the
beginning due to the boundary condition (top, bottom and right
in Fig. 1) which is at bed temperature. Thus the cluster which
forms with particles having average temperature will have lower
heat transfer coefficient and starts gaining heat if it travels for
longer distance.

Apart from the initial temperature of the cluster, its top and
bottom boundary temperatures (shown in Fig. 1) also affect its
heat transfer characteristics. Fig. 7 shows the change in cluster
heat transfer coefficient with suspension density for four different
cluster temperature conditions as given below: Here Tb is bed tem-
perature and Tavg is average of bed and wall temperatures. Left side
boundary is always Tw and right side boundary is always Tb (Fig. 1).
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(i) Tb,Tb: The cluster has both initial and top and bottom bound-
ary conditions equal to Tb. This situation occurs when there
are mostly clusters or dense clouds of particles near and
around the cluster under discussion. So the cluster only
looses heat to the wall. So it has higher heat transfer coeffi-
cient as shown in Fig. 7. Also from Fig. 8 the temperature pro-
file for this condition shows no change except near the wall.

(ii) Tb,Tavg: The cluster has Tb as the initial temperature and Tavg

as top and bottom boundary condition. Here the cluster has
Tb when it forms and descends in a region with dispersed
phase or gas such that the top and bottom boundary temper-
ature becomes Tavg. Here the cluster looses heat to the wall as
well on top and bottom. So it has lower heat transfer coeffi-
cient (Fig. 7) with respect to the previous condition. The ver-
tical averaged temperature profile for this condition is shown
in Fig. 8, where the cluster has an average of 1000 K except
near the wall due to the higher temperature difference
between the wall and the cluster.

(iii) Tavg,Tb: The cluster has T avg as the initial temperature and Tb

as top and bottom boundary condition. The cluster forms
with particles already cooled and the initial temperature is
Tavg but is surrounded by hot environment (other clusters,
dense particle clouds, closer to the bed, etc). The cluster will
loose heat to the wall and will gain heat from the top, bottom
and left boundaries. It acts as a good heat exchanger with the
temperature profile as shown in Fig. 8, where it has higher
temperature level compared to the previous case due to the
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influence of top and bottom boundary temperatures. The
cluster heat transfer coefficient for this cluster is lower
(Fig. 7) than the previous two cases, since for the cluster to
gain as much heat or become equal in temperature like the
previous clusters, it will take more time than tc.

(iv) Tavg, Tavg: The cluster has T avg as the initial temperature and
Tavg as top and bottom boundary condition. The cluster has
very low potential for heat transfer in this case since it has
lower temperature to start with and is surrounded by low
temperature medium (gas, dispersed phase, broken cluster
particles, etc). It continuously looses heat to the wall and
very little heat gain from the top and bottom boundaries.
So the heat transfer coefficient is the lowest (Fig. 7) for this
case and the cluster has low average temperature across its
thickness as shown in Fig. 8 due to the low initial and bound-
ary temperatures.

Thus the influence of cluster initial and boundary temperatures
on the cluster heat transfer coefficient is evident from the cases
discussed. In commercial CFB combustors, majority of the clusters
which form may not ‘see’ the bed, i.e. may not have the same tem-
perature as the bulk bed while it is forming, but a lower value due
to the randomly changing radial temperature profile across the
combustor especially in the annulus and core interface region.
The boundary temperature analysis becomes an important way
to check the influence of the presence of the bulk temperatures
of other clusters, particles and gas surrounding the cluster.

8.4. Effect of the energy balance on bed-to-wall heat transfer
coefficient (h)

The bed-to-wall heat transfer coefficient is estimated as given
in Eq. (24) by including the cluster and dispersed phase heat trans-
fer coefficients with the respective radiation components. Fig. 9
shows the change in bed-to-wall heat transfer coefficient with
suspension density for two different cluster sizes (10dp and 20dp)
and cluster descent lengths (Lc and 10Lc) with Tb as the initial
and boundary temperatures, is compared with experimental data
along with the results from the cluster renewal mechanistic model
(CRM with 10dp clusters from Vijay and Reddy [22]). The larger
clusters have lower heat transfer coefficients for the same cluster
descent lengths with the current model predicting higher than
the experimental as well as CRM values. On the other hand
Fig. 10 shows different trends in the bed-to-wall heat transfer val-
ues for the same set with Tavg as the initial and boundary temper-
atures of the cluster (CRM values remain the same). The clusters
descending longer (i.e. for 10Lc distance) does not change with in-
crease in suspension density and are in good proximity with the
experimental data especially for the larger cluster. This suggests
that in commercial CFB units the clusters must be large clusters
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(in the order of 20dp or more) with average initial temperatures
and descending longer (10Lc) than the predicted value.

9. Conclusion

In the current work a numerical model based on cluster and dis-
persed phase energy balance is proposed to estimate cluster and
bed-to-wall heat transfer coefficients for different cluster proper-
ties and bed operating conditions. Based on the comparison of
the model results with the experimental data the following conclu-
sions are drawn:

– The cluster parameters such as cluster voidage, descent velocity,
descent length and size have significant influence on cluster and
bed-to-wall heat transfer phenomena.
– The difference in the heat transfer values based on the two dif-
ferent cluster voidage and cluster velocity correlations suggests
the need for better prediction of cluster properties, for proper
estimation of cluster and bed-to-wall heat transfer coefficients.
– The cluster initial and boundary temperatures influences the
cluster and bed-to-wall heat transfer coefficients and provides
evidence that a cluster may not have the same temperature as
the bed when it starts forming due to the presence of other clus-
ters, particles and gas.
– The comparison with cluster renewal mechanistic model shows
the improvement achieved in the current model towards bed-
to-wall heat transfer estimation.
– The trends from the present model predictions are in reasonable
agreement with the published experimental data for the same
range of operating conditions.
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