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The water-wall surfaces located above the secondary air inlet within the circulating fluidized bed (CFB)
combustor are exposed to the axial bed-to-wall heat transfer process. In the current work, the axial bed-
to-wall heat transfer coefficients are estimated for three different axial voidage profiles (covering three
widely occurring average particle concentrations) in order to investigate the effect of voidage, time, initial
and fixed temperature of the bed and annulus, and gas gap between wall and solid particles; on the axial
heat transfer process. A 2D thermal energy balance model is developed to estimate the axial heat transfer
values for the gas–solid suspension along the height of the riser column with horizontally changing mass
distribution. The gas–solid mass distribution is fixed with time thus providing a spectrum of changes in
axial bed-to-wall heat transfer profile with time. The current work provides an opportunity to under-
stand the axial heat transfer relationship with particle concentration and instantaneous behaviour. The
results from the work show that: (i) first few seconds of the suspension temperature near the wall has
maximum energy thus providing a small time frame to transfer more heat to the surface (CFB wall);
(ii) both axial and horizontal particle concentrations (influenced by the operating conditions) affect the
axial heat transfer locally; (iii) initial temperature of the bed between average and maximum values pro-
vide end limits for the axial heat transfer; (iv) annulus region has higher thermal energy than the core
due to increased particle presence; and (v) a particle-free zone near the wall (gas gap) having a maximum
thickness of 1 mm, tends to reduce up to 25% of axial heat transfer value. The model trends have close
agreement with experimental trends from published literature; but the model values differ when corre-
lating with real values due to inconsistencies in riser diameter and nature of variation in parameters.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The circulating fluidized bed (CFB) combustors use coal and
other solid fuels such as biomass, agricultural and municipal waste
as the primary source for power generation applications. The basic
principle of operation in a CFB combustor involves the suspension
of solid particles by fluidizing gas facilitating better combustion
and low emissions through improved heat transfer and solids han-
dling. The axial heat transfer process within the CFB combustor oc-
curs from the gas–solid suspension to water-wall surfaces, located
along the furnace height above the secondary air inlet, providing
much of the thermal energy needed for water to steam conversion.
The axial heat transfer process is subject to varying conditions
(hydrodynamic and thermal) due to changes in the behaviour of
the gas–solid suspension mostly near the wall (annulus region).
The near wall condition is the end result of changes in the core re-
gion induced by the operating conditions such as superficial gas
ll rights reserved.
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velocity, solids circulation rate and bed temperature. Fundamental
understanding of the axial heat transfer process is required for bet-
ter design of heat transferring surfaces along the height of the CFB
combustor. In this regard, some experimental findings are reported
on the axial heat transfer profiles [1–5] but have limited analysis
with respect to the effects of operating parameters on the axial
heat transfer process. Reddy and Nag [6] reported axial and radial
heat transfer coefficients based on experiments and empirical cor-
relations using the dimensional analysis; they have compared the
results with experimental data providing some background infor-
mation on the axial heat transfer behaviour. Very few axial heat
transfer models have been attempted for providing new and addi-
tional information on the axial heat transfer process occurring
within the CFB combustor. The estimation of axial heat transfer
coefficient by He et al. [4] based on the two-fluid model consider-
ing the fluid dynamic and continuum principles investigates the
axial distribution of component heat transfers and their contribu-
tions to the total heat transfer coefficient. The effect of physical
properties of solid particle (diameter, specific heat and density),
gas velocity, bed and wall temperatures were analysed for the axial
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Nomenclature

a coefficient of the grid nodes in the current time step
a0

P coefficient of the grid node in the previous time step
aSSg coefficient for gas phase in finite volume formulation
aSSp coefficient for particle phase in finite volume formula-

tion
A surface area, m2

cp specific heat, J/kg K
d diameter of solid particle, mm
dx displacement in the horizontal direction (x-direction), m
dy displacement in the vertical direction (y-direction), m
D diameter of riser column, m
e emissivity
Gs net solids circulation rate, kg/m2 s
h bed-to-wall heat transfer coefficient, W/m2 K
H� height of the riser column, m
Hd height of the dense bottom bed, m
Hex height of the exit region, m
Hl height of the lean bed above dense bed, m
hc cluster heat transfer coefficient, W/m2 K
hd dispersed (gas) phase convection heat transfer coeffi-

cient, W/m2 K
hp particle heat transfer coefficient, W/m2 K
hpg particle to gas heat transfer coefficient, W/m2 K
hr radiation heat transfer coefficient, W/m2 K
Rfp radiation view factor for the particle phase

Rfg radiation view factor for the gas phase
S source term
T temperature, K
ug local gas velocity, m/s
Ug superficial net gas velocity, m/s
up local particle velocity, m/s
Vp net particle velocity, m/s

Symbols
a volume fraction of solids
�e cross-sectional average voidage at a given axial location
emf minimum fluidization voidage
l dynamic viscosity of the gas, N s/m2

q density, kg/m3

Subscripts
avg average
b bed
g gas
j number from 1 up to dy * j = H
N, E, W, S neighbouring grid nodes in each direction
P particle
P grid node being estimated
r radial or radiation heat transfer
w wall
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heat transfer process. Xie et al. [7,8] proposed a model that pro-
vides axial heat transfer profile based on the solids concentration
and suspension density. This model includes particle and gas heat
transfer estimation based on the assumption of parallel surfaces in
the annulus region. The heat transfer profile along the height with
distance from the wall; particle and gas temperature distributions
and radiation flux information are also provided. Hua et al. [3] have
developed a three-dimensional axial radiation heat transfer model
to study the particle composition influence. In line with the model,
analysis and information reported in both Xie et al. [7,8] and He
et al. [4] further investigation is sought for providing instantaneous
behaviour of the axial heat transfer mechanism within the CFB
combustor. Especially, analyses involving the effect of time from
initial to steady state for three different fixed hydrodynamic bed
conditions on axial heat transfer. The time based change affecting
only the heat transfer characteristics of the gas–solid suspension is
essential for surface designers to understand how the CFB axial
heat transfer behaves instantaneously.

The 2D numerical model of the axial heat transfer process
developed for the current work is based on the gas–solid thermal
energy balance with horizontally changing solids distribution all
along the height of the CFB riser column. The following analyses
are reported and discussed:ussed:

– Effect of axial voidage distribution: Test the sensitiveness of
the heat transfer for three different axial particle concentra-
tion profiles. Time variation in axial heat transfer profile for
each of these three solids distribution is discussed.

– Effect of horizontal voidage distribution: Behaviour of axial
heat transfer is profiled when the horizontal particle concen-
tration is varied. Difference in behaviour with time is also
discussed.

– Effect of bed initial temperature: Three different bed initial
temperatures (i) fixed average, (ii) fixed maximum and (iii)
axially varying linear temperature profile are considered to
predict the axial heat transfer profile.
– Annulus-to-wall heat transfer: The annulus region has the
most number of solid particles across given cross-section.
The heat transfer from just the annulus-to-wall is estimated
to find the difference in bed and annulus thermal potential.

– Effect of gas gap between the wall and gas–solid suspension
near the wall: A small gas gap of fixed thickness (0.1% of
the riser diameter) is considered to study its resistance
towards heat transfer along the height.

– The radiation from gases inside the riser column is consid-
ered for the total bed-to-wall heat transfer estimation.

The change in heat transfer with time for a given solids distribu-
tion as part of the analysis, provides essential information on tem-
perature gradients near the wall and the influence of bed and
annulus region initial temperatures. When discussing the heat
transfer values with time; some of the results are displayed for dif-
ferent times from start and up to the steady state; and in some
other results, heat transfer values for only intermediate and steady
state temperatures are presented.
2. Axial-horizontal mass distribution model

The typical axial flow structure comprising the major portion of
the riser column of a CFB combustor is the core–annulus flow
structure. Based on the solids concentration, the ‘core’ is defined
as a relatively dilute up-flowing region in which solid particles
are entrained upward by the high-velocity gas stream such that
the gas with few particles, flow upwards in the centre of the riser
column. The ‘annulus’ is a much denser and smaller region near the
wall in which solid particles congregate and fall down as dense
structures similar to wave of strands or streamers termed as the
‘‘clusters”. Several cluster based numerical heat transfer works
have been published [9–12] with characterization of the cluster
parameters and operating conditions on local heat transfer. In this
work, the cluster hydrodynamics is represented by the axial voi-
dage profiles of Monazam et al. [2] which are used as input to



Table 1
Values of physical properties and parameter values used in the current model.

Solid particle (sand): He
et al. [4]

qp = 2600 kg/m3, kp = 0.27 W/mK
cpp = 850 J/kg K, ep = 0.85

Gas (air): qg = 351/Tavg kg/m3

Flamant [23] kg = 5.66 � 10�5Tavg + 1.1 � 10�2 W/mK
Core region: Tavg = Tb K cpg = (0.99 + 1.22 � 10�4Tavg) � 103–

(5.68 � 103Tavg
�2) � 103 J/kg K

Annulus region:
Tavg = (Tb + Tw)/2 K

lg = 0.42 � 10�6Tavg
2/3 Ns/m2

Parameter values: dp = 250 lm, ew = 0.8, eg = 0.15, emf = 0.45
Operating conditions: Tb = 1100 K and Tw = 600 K

Ug = 3.87 m/s
Gs = 2.4, 5.6, 11.4 kg/m2s

Initial and boundary
conditions:

Tinit = Tb, Tavg, Tlinear

TBC = Tb, Tw

2D domain grid details: H = 15 m, D = 1 m, X = 1000, Y = 1000, Dx = 0.001,
Dy = 0.015, Dt = 0.001 s
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the local mass distribution which is estimated for every location
along the height.

The mass flux balance model of He et al. [4] estimates the
core–annulus voidage based on fixed horizontal voidage within
the annulus and the core. The horizontal voidage distribution with-
in the annulus and some portions of the core is used for each axial
location to estimate the solids concentration distribution for the
2D grid, without a mass flux balance. The He et al. [4] mass flux
balance model is not good for small laboratory-scale CFB units hav-
ing smaller diameters (D 6 1 m) due to the limitation in parameter
estimation within the model. Similar restrictions (riser diameter
should be D P 0.5 m) apply to the current voidage model as well
for the correlation in Eq. (1). The 2D model domain for the CFB riser
is shown in Fig. 1; the current model provides heat transfer predic-
tion only for the region above Hd for core–annulus voidage solution
and the region spanning entire H for horizontal voidage solution.
The voidage information is estimated for each cross-section aver-
aged voidage along the height of the riser column based on variable
horizontal voidage correlation from Issangya et al. [13],

er ¼ emf þ ð�e� emf Þ�eð�1:5þ2:1ðr=RÞ3:1þ5ðr=RÞ8:8Þ ð1Þ

Here �mf is the voidage of the bed at minimum fluidization velocity.
For the current analysis it is a fixed value as given in Table 1. The
average voidage �e in Eq. (1) will be provided as an input from the
three different pre-defined axial voidage distributions as shown in
Fig. 2. For each �e there will be a voidage value at every horizontal
location on the given axial location. Having estimated the voidage
along the y-direction (axial) and along the x-direction (horizontal),
every node in the 2D grid has an associated property such as voi-
dage, particle velocity and gas velocity. This information is fed to
the thermal energy balance model for the gas and solid phases
whose formulation and estimation is discussed in the next section
towards the estimation of axial heat transfer coefficients.

3. Energy balance model formulation

The thermal energy balance between the solid particles and gas
inside the riser column is achieved based on two simultaneous
TwTw
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H l
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anδ
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Fig. 1. The 2D model domain for the CFB riser showing core–annulus thickness
along with the boundary conditions.
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Fig. 2. Three different test axial average voidage distributions traced from
Monazam et al. [2] used as input to the mass distribution model in Eq. (1).
processes. One is the balance of the rate of change internal energy
of the particles or gas and the rate of heat loss for particles to gas or
heat gain for gas from particles. The other is the balance between
the conduction within the particle or gas nodes and the corre-
sponding convection to the surroundings. This is summarized in
Eq. (2) for gas phase and Eq. (3) for particle/solid phase. Thermal
energy balance for the gas phase is represented by

qgcpgag
@Tg

@t
þ qgcpgugag

@Tg

@y
¼ @

@x
kg
@Tg

@x

� �
þ @

@y
kg
@Tg

@y

� �

þ RfgT3
g
@Tg

@x
þ @Tg

@y

� �
þ hpgAðTp � TgÞ

ð2Þ

Thermal energy balance for the solid phase is represented below,
with a modified radiation source term, similar to the one used in
the cluster energy balance model in chapter 4.
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qpcppap
@Tp

@t
þ qpcppupap

@Tp

@y
¼ @

@x
kp
@Tp

@x

� �
þ @

@y
kp
@Tp

@y

� �

þ RfpT3
p
@Tp

@x
þ @Tp

@y

� �
þ hpgAðTp � TgÞ

ð3Þ

Here ag = �r, a = 1 � � are volume fractions of gas and solid particles
(the voidage in the core and annulus for the gas phase and particle
concentration in the core and annulus for the solid phase) which are
defined based on the mass flux balance. The heat transfer coefficient
between the solid and gas phases hpg is estimated using the Nusselt
number correlation of Richardson and Ayers [14]. kp, kg are the ther-
mal conductivities of the solid and gas phases. ug, up are the veloc-
ities of gas and solid particles, respectively.

The radiation source terms (third term on the right hand side)
in Eqs. (2) and (3) are obtained from the derivative of the Stefan–
Boltzmann law (rT4) as discussed in Gnanapragasam [15]. Since
the main analysis in the current work involved is the influence of
time, voidage and initial conditions on axial heat transfer, only
the basic form of the radiation source term is used in the gas–solid
thermal energy balance model. An advanced source term with im-
proved accountability of radiation parameters can be found in He
et al. [4] and Eriksson and Golriz [16]. The radiation source factor
used in the radiation source term for the gas phase (Eq. (2)) in-
cludes the radiation view factor weighted by the voidage,

Rfg ¼ 4r 1
eg
þ 1

ew
� 1

� ��1

ð4Þ

The radiation source factor used in the radiation source term for the
particle phase (Eq. (3)) includes the radiation view factor weighted
by the solids concentration,

Rfp ¼ 4r 1
ep
þ 1

ew
� 1

� ��1

ð5Þ

Due to the nature of hydrodynamics of the gas–solid phase in the
CFB combustor, majority of the particles reside very close to the
wall (annulus region), thus the emissivity of the wall is also in-
cluded in estimating the radiation source factors in Eqs. (4) and
(5). Under dilute (low particle region in the core of the column
above the bottom bed) conditions along the height of the column
the use of wall emissivity will help in accounting the proper ther-
mal radiation values for particle-to-wall and gas-to-wall heat trans-
fer. Though for the core region, emissivity of particle could be used
in Eq. (4) while emissivity of gas could be used in Eq. (5). But here
the link between CFB wall and gas–solid suspension is enhanced by
including the wall emissivity for the radiation view factor estima-
tion within the 2D domain.

The finite volume method is used to discretize these Eqs. (2) and
(3) to be applied in the 2D grid of the riser column. The finite vol-
ume method formulation is based on the details presented in Pat-
ankar [17] and Versteeg and Malalasekera [18]. The main finite
volume coefficients that differ apart from others between the gas
and particle phases are given here;

aSSg ¼
qgcpgugAp

Dy
; aSSgx ¼

RfgAp

Dx
; aSSgy ¼

RfgAp

Dy
ð6Þ

aSSp ¼
qpcppapupAP

Dy
; aSSpx ¼

RfpAP

Dx
; aSSpy ¼

RfpAP

Dy
ð7Þ

The final form of the discretized equation one for each phase
becomes

aPTP ¼ aETE þ aW TW þ aSTS þ aNTN þ a0
PT0

P þ SC ð8Þ

where a’s are coefficients for the respective neighbouring node tem-
peratures in the 2D grid for the riser column and aP ¼ a0

Pþ
aE þ aW þ aS þ aN � SP will be the source term for the temperature
of the gas or solid node currently estimated within the same time
step. The particle to gas convection is estimated based on the Nus-
selt number correlation of Richardson and Ayers [14] as given
below

hpg ¼ 0:054Re1:28
p

kg

dp

� �
ð9Þ

The net particle velocity in the riser column is estimated from the
following relation, which is a function of the solids circulation rate,

Vp ¼
Gs

qpð1� �eÞ ð10Þ

With the help of tri-diagonal matrix algorithm (TDMA) all the nodes
are solved for each time step till steady state is reached. The 2D
temperature profile for gas and solid phase obtained through the
solution of the model will be used for the respective heat transfer
coefficient estimation. The sequence of the entire procedure is
shown in Fig. 3 for the axial mass distribution model with gas–solid
energy balance. The steps in the flow charts are repeated for each
operating condition and analysis settings. As for the model it is as-
sumed that the wall is covered with either particles or gas at all
times; the bottom bed is not included in the analysis, though the
values are provided; fixed temperatures are used for initial and
boundary conditions; and the mass distribution of gas–particle in
the entire riser is fixed with time. This model has its own limita-
tions; the core-shrinking solids distribution along the height may
not be the same as in the real CFB unit, since the distribution does
not change with time; the momentum of the particles and its effects
on heat transfer are not included in the model and the model ne-
glects horizontal velocity components for gas and solid particles
in both core and annulus regions.

4. Heat transfer estimation

4.1. Bed-to-wall heat transfer coefficients

The boundary of the control volume facing the wall starts loos-
ing heat to the wall and a temperature profile sets inside the annu-
lus region when it reaches steady state for the given mass flux
balance. From this temperature profile, component heat transfer
coefficients is estimated using the conduction–convection relation.
The particle convective heat transfer coefficient at a given axial
location near the riser wall is estimated as;

hp ¼ kp
ðTpx � TwÞ

DxðTb � TwÞ
ð11Þ

where ‘px’ is the grid node next to the wall of the riser column for
the particle/solid phase. The gas convective heat transfer coefficient
at a given axial location near the riser wall is estimated as;

hg ¼ kg
ðTgx � TwÞ

DxðTb � TwÞ
ð12Þ

where ‘gx’ is the grid node next to the wall of the riser column for
the gas phase. The radiation heat transfer coefficient from the parti-
cles to the wall is given below;

hrp ¼ RfpðTpx þ TwÞðT2
px þ T2

wÞ=4 ð13Þ

The radiation heat transfer coefficient from the gas to the wall is gi-
ven below;

hrg ¼ RfgðTgx þ TwÞðT2
gx þ T2

wÞ=4 ð14Þ

The overall bed-to-wall heat transfer coefficient is summarized as
the simple addition of heat transfer from the gas–solid suspension
through particle–gas convection and particle–gas radiation is;
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Fig. 3. Sequence of calculation procedure in estimating the axial heat transfer coefficients for the current model using Issangya et al. [13] correlation.
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h ¼ hp þ hg þ hrp þ hrg ð15Þ
4.2. Annulus-to-wall heat transfer coefficients

The estimation of heat transfer coefficient based on the
difference between the bed and the wall temperature adjacent
may not be realistic for continuously changing conditions near
the wall. For certain situations in the bed, having the
bulk temperature difference of the bed and wall would be too high.
A different representation of the heat transfer coefficient to the
wall is presented here; using the average annulus temperature to
estimate the component heat transfer coefficients. Thus, the parti-
cle convective heat transfer coefficient at a given axial location in
the annulus is estimated as;
hpan ¼ kp
ðTp � TwÞ

DxðTpan � TwÞ
ð16Þ
where ‘pan’ represents the bulk temperature of the particle/solid
phase in the annulus region. The gas convective heat transfer coef-
ficient at a given axial location in the annulus is estimated as;

hgan ¼ kg
ðTg � TwÞ

DxðTgan � TwÞ
ð17Þ

where ‘gan’ represents the bulk temperature of the gas phase in the
annulus region. The radiation heat transfer coefficients, from the
particle to the wall and from gas to the wall are estimated same
as given in Eqs. (13) and (14). The annulus-to-wall heat transfer
coefficient is summarized as;

han ¼ hpan þ hgan þ hrp þ hrg ð18Þ

4.3. Axial bed temperature

The axial bed temperature is estimated for calculating heat
transfer coefficients based on the temperature of particle and gas
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at all nodes. Based on the horizontal voidage distribution, the tem-
perature of the bed along the height is calculated for each location
by adding and averaging the horizontal gas and particle tempera-
tures as given below,

TBpg ¼ ½ð1� erÞTp þ erTg �=X ð19Þ

The temperatures of solid particles and gas have been estimated
based on respective densities and specific heats. But here in Eq.
(19) the temperature average is estimated based only on the vol-
ume fraction (voidage) of the gas and solid (along with the respec-
tive temperatures), so that the impact of voidage alone is realized
when calculating the heat transfer coefficient, whose effect is dis-
cussed along with the results. The particle convective heat transfer
coefficient at a given axial location based on TBpg is;

hp�TBpg ¼ kp
ðTp � TwÞ

DxðTBpg � TwÞ
ð20Þ

The gas convective heat transfer coefficient at a given axial location
based on TBpg is;

hg�TBpg ¼ kg
ðTg � TwÞ

DxðTBpg � TwÞ
ð21Þ

The radiation heat transfer coefficients, from the particle to the wall
and from gas to the wall are estimated same as given in Eqs. (13)
and (14). The heat transfer coefficient based on the axial bed tem-
perature is summarized as;

hTBpg ¼ hp�TBpg þ hg�TBpg þ hrp þ hrg ð22Þ

The addition of heat transfer components in Eqs. (15), (18) and (22)
accounts for the component heat transfer coefficients since all these
components are estimated at the same time for each axial location
near the wall of the riser column. The addition of the component
heat transfer coefficients is also based on the assumption that the
wall is continuously covered by the gas–solid suspension depending
on the local voidage.

5. Results and discussion

The thermo-physical properties, range of operating parameters,
initial and boundary conditions, and 2D grid parameters are given
in Table 1. The gas velocity and the solids circulation rate are lower
than the typical range for commercial CFB combustors. Since the
model and analysis is mainly aimed at studying the influence of ax-
ial voidage profile on the heat transfer, the axial voidage profile
from an experimental setup [2] is used here with the same operat-
ing conditions as shown in Fig. 2. The 2D grid for the mass distri-
bution and heat transfer domain along with boundary conditions
is shown in Fig. 1 is divided into smaller cells in both X and Y direc-
tions. The analysis includes the effect of operating parameters such
as superficial gas velocity and solids circulation rate, the effect of
axial and horizontal voidage, effect of initial temperatures, gas
gap along with the three different heat transfer coefficient estima-
tions described in Section 4.

5.1. Effect of axial average voidage distribution

The mass flux balance model provided by He et al. [4] gives
imbalance in core–annulus voidage when used for riser diameters
less than 1 m. So the Issangya et al. [13] correlation in Eq. (1) is
used to estimate the horizontal voidage for every axial cross-sec-
tion averaged voidage along the height. Three different axial voi-
dage distributions are used which follow the profiles and
operating conditions from the experimental data of Monazam
et al. [2]. These three voidage distribution forms the input to the
new 2D voidage distribution model. The voidage profiles were gen-
erated using trial and error fit of curve using logarithmic series and
are shown in Fig. 2. Now based on the horizontal voidage distribu-
tion along the width and height of the riser (2D grid) column, the
corresponding heat transfer coefficients are estimated using the
thermal energy balance model as discussed previously and ex-
plained in sequence in Fig. 3. The voidage profiles are named ‘Voi-
dage 1’, ‘2’ and ‘3’, respectively, with different solids circulation
rates and same superficial gas velocity. The voidage profiles in
the annulus will have values that are almost half of the average
voidage, suggesting that the annulus has about 50% higher parti-
cles than the core region at any given location based on the average
voidage at that location.

The change in axial heat transfer coefficient with time for the
three voidage is shown in Figs. 4–6. The voidage 1 has higher par-
ticle concentration in bottom and top, thus the profile of heat
transfer reflects the change in voidage even at steady state in the
bottom region. The heat transfer coefficient value of voidage 2 does
not change much with height and remains almost the same except
in the bottom region. Similar to large CFB combustors, there is ra-
pid change in heat transfer values with time for all the three cases
of voidage. The difference in heat transfer between 5 and 10 s is
higher for voidage 2 than voidage 1. This shows the effectiveness
of higher solids concentration (in voidage 1) to hold-up the ther-
mal energy, while the voidage 2 does not have the same thermal
potential due to lower solids concentration in most of the axial
location. The axial change in bed-to-wall heat transfer coefficient
for the third voidage distribution is shown in Fig. 6 with time.
Again there is very little change along the height. The difference
in heat transfer value from 5 to 10 s shows that the riser with such
a voidage distribution will be having unstable bed temperatures
due to faster change in the temperature profile aided by lack of so-
lid particles. The average voidage and the solids circulation rate
have a combined effect on the heat transfer profile. In the top
region, the heat transfer value for voidage 1 decreases compared



0

2

4

6

8

10

12

14

16

50 100 150 200 250
Heat transfer coefficient (W/m2K)

Ax
ia

l l
oc

at
io

n 
(m

)

5 s

10 s
20 s
30 s

Voidage 2
Ug = 3.87 m/s

Gs = 5.6 kg/m2s

Fig. 5. Variation in axial bed-to-wall heat transfer coefficient with time for one
particular case of average voidage distribution: Voidage 2 in Fig. 2.

0

2

4

6

8

10

12

14

16

50 100 150 200 250
Heat transfer coefficient (W/m2K)

Ax
ia

l l
oc

at
io

n 
(m

)

5 s
10 s
20 s
30 s

Voidage 3
Ug = 3.87 m/s

Gs = 2.4 kg/m2s

Fig. 6. Change in axial bed-to-wall heat transfer coefficient with time for one
particular case of average voidage distribution: Voidage 3 in Fig. 2. 0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
Riser diameter (m)

R
ad

ia
l V

oi
da

ge

Voidage 1

Voidage 2

Voidage 3

Fig. 7. Variation in horizontal voidage distribution corresponding to the three
average axial voidage in Fig. 2 at one particular axial location of the riser.

N.V. Gnanapragasam, B.V. Reddy / International Journal of Heat and Mass Transfer 52 (2009) 1657–1666 1663
to 2 and 3, due to lesser particles in that zone (Fig. 2). These three
cases show the impact of average bed voidage on the near wall ax-
ial heat transfer process.
5.2. Effect of horizontal voidage distribution

The horizontal voidage distribution as estimated from Eq. (1) by
Issangya et al. [13] at a location in the top region of the riser col-
umn for the three voidage cases is shown in Fig. 7. The influence
of average voidage on the horizontal voidage is evident; the higher
voidage case of 3 has the most voidage across the riser diameter
while the voidage 1 has lower voidage throughout. This change
in the voidage across the diameter as well as along the height will
impact the heat transfer significantly. The effect of horizontal
change in voidage information on heat transfer is observed by
comparing a case when using the mass flux balance model of He
et al. [4], for the given axial voidage profile at the same hydrody-
namic conditions (of the Voidage 2 profile), the corresponding axial
core and annulus voidage (no change in horizontal voidage) along
with the heat transfer values are estimated. The comparison is
shown in Fig. 8 where the profile of the average voidage is well re-
flected in the variable ‘horizontal voidage’ case whereas not much
variation along the height is observed for the ‘fixed voidage’ case.
The heat transfer values for ‘horizontal voidage’ are lower and
has more realistic trend (based on general range of experimental
heat transfer coefficients reported in literature, Basu and Nag
[19], Ma and Zhu [20]) when compared to the ‘fixed horizontal voi-
dage’ case at both the times as shown in Fig. 8.

5.3. Effect of bed initial temperature

The change in axial bed-to-wall heat transfer coefficient for three
different bed initial temperatures are compared in Fig. 9: Tb (1100 K),
Tavg (850 K) and Linear (the initial bed temperature is allowed to
change linearly from top to bottom from 900 to 1100 K, respec-
tively). The first two are constant initial temperatures at all the nodes
while the third (Linear) has different initial temperature at each axial
location (fixed for all horizontal nodes in that axial location). The
fixed temperature conditions show similar trends with lower heat
transfer value for the Tavg case. The linearly changing bed initial tem-
perature has different profile in the upper regions of the bed. The real
CFB unit is bound to have a temperature gradient from bottom to top
with a range of difference from 100 to 200 K. Thus, the effect of the
voidage profile in the top regions may not affect the heat transfer
coefficient when the bed temperature at the top is lower than at
the bottom region of the riser.

5.4. Effect of axial bed temperature

The heat transfer coefficient estimations discussed in Sections
4.1 and 4.3 (denoted in the plot as ‘h-Tbpg’) are compared for
two different bed initial temperatures in Fig. 10. There is no differ-
ence when the bed initial temperature is at Tb, thus supporting the
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heat transfer estimation in Section 4.1 as well as Section 4.3 (using
the horizontal voidage and temperatures of particle and gas
nodes). There is significant difference in heat transfer values for a
linear change in initial bed temperature especially in the top re-
gion. Here the axial bed temperature makes the difference due to
the horizontal voidage distribution along the height. This brings
back effect of solids concentration into the linear bed temperature
change as would show up in real CFB units.

5.5. Effect of gas gap

It is generally agreed [19] that a gas gap exists between the par-
ticles and the wall in the annulus region. The presence of thin gas
gap/layer between the wall and the cluster throughout its fall was
reported by Lints and Glicksman [21] with a correlated thickness of
dp0:0282ð1� �eÞ�0:590. If a similar gas gap is applied for the current
2D grid for a single node next to the wall along the height (having a
maximum thickness of about 1 mm), the corresponding change in
heat transfer value for two different bed initial temperatures is
shown in Fig. 11. With the presence of the gas gap there is signif-
icant reduction (up to 25%) in heat transfer to the wall especially
under higher initial bed temperatures. The addition of gas gap
should be considered when comparing with experimental data
for axial heat transfer profiles.

5.6. Annulus-to-wall heat transfer coefficient

Even though there is no annulus and core segregation in the
grid properties, it is achieved by using the annulus thickness corre-
lation from Harris et al. [22] as given here which varies axial for a
given location within the riser column,

da ¼ 0:5D 0:4014Re0:0585
D

�eð�0:0247Þ H � dy�j
H

� ��0:0663
" #

ð23Þ
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This expression considers the effect of gas velocity, solids circula-
tion rate and exit shape apart from the riser dimensions. Single
annulus and core temperature is obtained by averaging all the tem-
perature nodes within that thickness to get the average annulus and
core temperatures. This is used to estimate the annulus-to-wall
heat transfer coefficient as discussed in Section 4.2. The difference
in the bed-to-wall and annulus-to-wall heat transfer coefficients
for average bed initial temperatures and with gas gap is shown in
Fig. 12. The annulus-to-wall values are higher for both initial tem-
perature and the gas gap cases compared to the bed-to-wall estima-
tion. The gas gap case has Tb as the initial bed temperature, but still
its value is lower than the average initial temperature case. This is
because the bulk annulus temperature reduces significantly due to
the presence of gas gap, which apart from being a resistance to the
heat transfer will also reduce the local temperature of the annulus
region near the wall.

5.7. Validation with experimental trends in published literature

The time variation of axial heat transfer by fixing the bed
hydrodynamics is very difficult to measure and those available
in the literature are average values. Since the axial heat transfer
process happens repeatedly with combinations of different voi-
dage profiles (due to changes in local hydrodynamics), a sustain-
able axial bed temperature is established eventually when the
operating conditions remain the same. The steady state heat
transfer values measured and reported from an experimental
setup should be observed as average of quasi-steady state condi-
tions, because the local hydrodynamics is not constant with time
in these experiments (which is the fundamental characteristic of
CFB combustors), thus making it difficult to be compared with
the results from the current work. Some of the steady state
experimental data available for axial heat transfer profile in
the literature include Ma and Zhu [1,20], He et al. [4], Hua
et al. [3] and Koksal et al. [5]. There is one more difficulty in
comparing model values one-on-one with experimental data
from these literatures; the size of the column used in these
experiments is smaller than that used in the current model.
The hydrodynamic parameters in Eqs. (1) and (23) have limita-
tions for lower diameters (anything less than 0.5 m makes the
model unstable) and the heat transfer values in the literature
are measured for smaller diameters meaning higher heat transfer
values as reported in these literatures. That is the reason for
comparing just the trends rather than the values. The current
model trends are compared with Ma and Zhu [20] profiles and
shows similar heat transfer trends with close agreement (60–
70%) under similar range of operating conditions (Gs and Ug).
As it can be observed from Ma and Zhu [20] – (Fig. 3(a), pp.
984) – the operating conditions used in this experimental data
is quite different from that used in the current work and the
diameter of the column used is 100 mm while in the current
work it is 1 m. Though similar trends of the heat transfer values
(i.e., higher at the bottom, reduces in the middle and increases at
the top) are observed in the current work. The measurement of
resistance to heat transfer due to the presence of gas gap alone
is also difficult and thus is not found in the literature to make a
comprehensive comparison but the average value between with
and without gas gap is appropriate to compare with averaged
steady state experimental data.

6. Conclusions

In the current work, the axial bed-to-wall heat transfer coeffi-
cients for the CFB combustor are estimated using the gas–solid
thermal energy balance model for three different averaged axial
voidage profiles (form published experimental data). The analyses
and results provide the following inferences:
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– Effect of axial voidage distribution: Axial heat transfer varies
along the height from bottom to top (both higher than in
the middle) of the riser column. The change in axial heat
transfer with time for the three axial voidage distributions
when observed together shows the range of heat transfer
values the combustor will undergo when the mass flux
changes with time.

– Effect of horizontal voidage distribution: The difference in heat
transfer values for fixed and variable horizontal voidage dis-
tributions is significant showing the importance of consider-
ing horizontal voidage variation while estimating the axial
heat transfer coefficients.

– Effect of bed initial temperature: The analysis with three dif-
ferent bed initial temperature conditions shows that the
axial heat transfer profile depends not only on the voidage
distribution but also on the local temperature gradients.

– Annulus-to-wall heat transfer: The heat transfer estimation
based on three different temperature conditions (bed-to-
wall, annulus-to-wall and axial bed temperature) shows sig-
nificant variations suggesting that the use local temperature
differences instead of bed temperature.

– Effect of gas gap: The presence of even a thin layer of gas gap
(without particles) between the wall and the gas–solid
phase near the wall reduces the axial heat transfer consider-
ably (up to 25% for a maximum thickness of 1 mm).

– Time analysis: Fixing the hydrodynamics with time and
observing the instantaneous heat transfer behaviour along
the height of the riser column shows that, only limited time
(less than 10 s) is available for the wall to transfer heat from
high temperature gas–solid suspension thus reducing the
average heat coefficient.

This work proves the importance of proper voidage estimation by
fixing it with time and in a different analysis changing it horizontally
at every axial location to show the sensitivity in heat transfer estima-
tion (which is not easy to measure). Significant information is con-
veyed in the current work through the axial heat transfer trends
(proportional behaviour due to parametric change), that is, the var-
iation of axial heat transfer with respect to changes in time, axial and
horizontal voidage, temperature conditions and gas gap.
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