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The shape of the riser exit geometry in a circulating fluidized bed (CFB) combustor influences the hydro-
dynamics of the riser column in the exit region and into the riser column to a considerable length. In the
present work, the change in axial hydrodynamics for two different riser exit shapes under different oper-
ating conditions is examined to predict the corresponding axial heat transfer coefficients. The influence of
the two riser exit shapes (smooth and abrupt) on the axial voidage profile is estimated using the core-
annulus mass flux balance model and the corresponding axial bed-to-wall heat transfer coefficient is esti-
mated using the cluster renewal mechanistic model. The results are reported for different hydrodynamic
relations and operating parameters. The analysis provides fundamental understanding on the influence of
the riser exit geometry on the axial heat transfer characteristics of the CFB combustor.

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

Circulating fluidized bed (CFB) combustors are popular for
power generation using coal and other low grade solid fuels with
higher efficiency and reduced pollutants. The exit region of the ri-
ser column in CFB combustors allows the passage of suspended so-
lid particles and combustion gases to the cyclone. The flow of
entrained solid particles and gases change direction in this zone
from vertical to horizontal to exit the riser column and thus
changes the hydrodynamics in the exit region as well as the re-
gions below for a considerable length within the riser column.
There are two major configurations in the exit design based on
the corner shape of the lower part of the exit duct from the riser
top: smooth exit where the lower part of the exit is smooth with
a large radius of curvature and abrupt exit where the lower part
of the exit is bent with sharp corner and blunt corner (with low ra-
dius of curvature) as reported in Harris et al. [1,2].

In commercial CFB risers the radial profiles of the parameters
cannot be completely symmetric due to the effects of non-sym-
metric solids recycling and exit design as reported by Rhodes
et al. [3] and Zhou et al. [4]. Effect of exit structure on the axial
bed density profile is reported by Brereton and Grace [5] with
experimental verification for three different exit geometries. The
maximum upward velocity was shifted to the exit side and the wall
layer seemed to be thicker on the opposite side as reported by
ll rights reserved.
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Zhou et al. [6]. Grace [7] observed that the solid particles reach
the top of the riser due to their inertia and thereby missing the
exit; strikes the top wall and flows back down near the top zone
wall of the riser. Pugsley et al. [8] reported that the axial profile
of pressure gradient shifted to significantly higher values when
the riser was equipped with an abrupt exit and is dependent upon
the riser diameter and the particle characteristics. More recent
hydrodynamic works based on the exit geometry effects include
[9–11,1,2,12,13]. Except the last two, all the others have reported
significant experimental data to observe the effect of the riser exit
shape on particle concentration in the exit region as well as in the
rest of the riser column. Reddy and Nag [14] observed the effect of
exit geometry on bed hydrodynamics and heat transfer in a CFB ri-
ser column for different operating conditions. Gupta and Reddy
[15] proposed a model which uses the exit geometry parameters
along with the cluster renewal mechanistic model to estimate
and analyze the heat transfer coefficients for changes in the oper-
ating and geometry parameters.

There is no investigation (experiments as well as models) avail-
able on the axial heat transfer characteristics based on different ri-
ser exit geometries. The axial heat transfer process depends on the
hydrodynamic parameters and bed temperature. The effect of
operating parameters (superficial gas velocity (Ug), solids circula-
tion rate (Gs) and the local average voidage) on the axial heat trans-
fer with smooth and abrupt exits are not reported. In the current
work, the influence of the exit configuration on the axial heat
transfer is predicted and analyzed based on the axial mass balance
models along with the cluster renewal mechanistic model. The
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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
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
Pr Prandtl number
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

Greek symbols
ag thermal diffusivity of the gas, m2/s

e volumetric void fraction or voidage
�e cross-sectional average voidage at the considered loca-

tion
ean annulus voidage
eco core voidage
esm average voidage in the riser with smooth exit
eab average voidage in the riser with abrupt exit
d non-dimensional gas layer thickness between the wall

and cluster
lg dynamic viscosity of the gas, N s/m2

q density, kg/m3

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

km = 0.11 km = 0.39 
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work provides the axial heat transfer profile for different operating
parameters and riser dimensions. The model begins with the esti-
mation of axial voidage profile using the core-annulus mass flux
balance model of He et al. [16] as well as based on the radial voi-
dage correlation of Issangya et al. [17]. Then the corresponding
bed-to-wall heat transfer coefficient is estimated using the cluster
renewal mechanistic model for each axial location.
(a) (b)
Fig. 1. Two different exit configurations used in the analysis: (a) short radius
smooth exit and (b) short extension abrupt T exit with respective solids reflux ratios
obtained from van der Meer et al. [10].
2. Axial voidage estimation

The voidage in the CFB riser column keeps changing in every
cross-section along the height of the riser column. The estimation
of axial voidage and the related estimation of axial bed-to-wall
heat transfer coefficient is the focus of the current model using
two different axial voidage calculation procedures. The first proce-
dure to estimate core-annulus voidage is based on the radial voi-
dage correlation of Issangya et al. [17] and the second procedure
is based on the core-annulus mass flux balance model of He et al.
[16]. Both the procedures require two steps, one to estimate the
annulus thickness along with core and annulus radii and the other
to estimate the cross-section averaged voidage based on the thick-
ness of the core and the core-annulus voidage. The estimated
cross-section average voidage for each axial location will become
the input for the cluster renewal mechanistic model. To account
for the riser exit influence, the slip factor is the only input variable
to the model that is estimated based on the riser exit shape
through the Froude numbers. This makes two different inputs to
the model, one for smooth exit (Fig. 1(a)) the other for abrupt exit
(Fig. 1(b)). The model formulation starts with the estimation of net
cross-section averaged voidage of the suspended bed from the gi-
ven solids circulation rate as

�e ¼
Ugqp

Gsw� Ugqp
ð1Þ

where the slip factor is estimated using the modified relation of Pa-
tience et al. [18] by Pugsley and Berutti [19]:

w ¼ 1þ 5:6
Fr2

g

þ 0:47Fr0:41
t ð2Þ
This correlation is an improved relationship according to Pugsley
and Berruti [19] which ‘‘better represents the slip factor observed
when risers having a diameter exceeding 0.25 m are used, operating
at gas superficial velocities lower than 5 m/s”. Here, the value of
Froude numbers (Frg and Frt) are estimated as given in Harris
et al. [1] for the gas velocity and particle terminal velocity. The
net particle velocity in the riser column is estimated from the fol-
lowing relation:

Vp ¼
Gs

qpð1� �eÞ ð3Þ

The annulus thickness is calculated from the correlation from Harris
et al. [20] as given here which varies axial for a given location with-
in the riser column,

da ¼ 0:5D 0:4014Re0:0585
D �eð�0:0247Þ H � z

H

� ��0:0663
" #

ð4Þ

where D is the hydraulic diameter and thus the thickness of annulus
and core on one side of the wall is calculated based on the annulus
thickness as simple Cartesian coordinates to prevent over predic-
tion of the core and annulus width:

dan ¼ 0:5da ð5Þ
dco ¼ R� dan ð6Þ
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Issangya et al. [17] radial voidage distribution correlation is given as

er ¼ emf þ ð�e� emfÞ�eð�1:5þ2:1ðr=RÞ3:1þ5ðr=RÞ8:8Þ ð7Þ

The voidage in the annulus is calculated as

ean ¼ emf þ ð�e� emfÞ�eð�1:5þ2:1ðdan=RÞ3:1þ5ðdan=RÞ8:8Þ ð8Þ

The voidage in the core thus becomes

eco ¼
�eþ dco

R

� �2 � 1
h i

ean

dco
R

� �2 ð9Þ

The axial voidage distribution estimated using the Issangya
et al. [17] does not involve the influence of particle velocities when
estimating the core and the annulus voidage which will under pre-
dict the axial voidage distribution resulting in inappropriate heat
transfer values along the height of the riser. The second procedure
to estimate the core-annulus voidage is using the fluid dynamic
model proposed by He et al. [16] which gives a better representa-
tion of solid particle concentration both in the core and the annu-
lus regions of the CFB riser column. The mass flux balance of core
and annulus is obtained on the assumption that in the core zone
gas flows upward with some entrained particles with very low par-
ticle concentration compared to the wall or the annulus region. In
the annulus region particles with higher concentrations and lower
velocities flow downwards along the wall. In both core and annu-
lus regions only vertical variation in gas and particle velocities are
considered. The difference in the velocities between core and
annulus in the horizontal direction are also considered. The mass
flux balance of particles in the core region based on core width
and voidage is described as

upcoqp
dd2

coð1� ecoÞ
dy

dy

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{net increase of core particle flux

þ 2dcoqpð1� ecoÞVco-an dy
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{transport of particles from core to annulus

� 2dcoqp½ð1� eanÞ � ð1� ecoÞ�Van-co dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
transport of particles from annulus to core

¼ 0 ð10Þ

The mass flux balance of particles in the annulus region based on
annulus width and voidage is described as

� upanqp
dd2

anð1� eanÞ
dy

dy

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{net increase of annulus particle flux

� 2dcoqpð1� ecoÞVco-an dy
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{transport of particles from core to annulus

þ 2dcoqp½ð1� ecoÞ � ð1� eanÞ�Van-co dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
transport of particles from annulus to core

¼ 0 ð11Þ

As mentioned in the equations the first term represents the net in-
crease of particle flux along the height of the riser column, the sec-
ond term is related to the transport of particles from the core to the
annulus region and last term gives the transport of particles from
annulus to the core region. The particle velocity in the core and
annulus is estimated using the correlation of Harris et al. [1]:

upco ¼ Ug
R
dco

� �2

� Ut ð12Þ

upan ¼ Ug
R

dan

� �2

� Ut ð13Þ

The particle velocity in the annulus upan is one of the main param-
eters affecting voidage distribution in the core and annulus. The lat-
eral diffusion velocity of particles from core to the annulus and from
annulus to the core respectively are calculated by the correlation of
Qi and Farag [21] as given below:
Van-co ¼ 0:0368þ 0:755
gdpðean � emfÞ

5ð1� emfÞð1� eanÞ

� �0:5

ð14Þ

Veo an ¼ 0:0368þ 0:755
gdpðeco � emfÞ

5ð1� emfÞð1� ecoÞ

� �0:5

ð15Þ

The radius of the core and annulus are estimated using the Harris
et al. [20] correlation and the core and annulus voidage are then
estimated by solving Eqs. (10) and (11) using the fourth-order Run-
ge–Kutta method for a system of equations. The voidage estimated
for a given axial location depends on the parameters of the previous
axial location, so the annulus thickness expression given in Eq. (4) is
also estimated one location at a time after updating its cross-section
average voidage data for the next step using the expression below:

�e ¼ ean 1� dco

R

� �2

jþ1

" #
þ eco

dco

R

� �2

jþ1
ð16Þ

Updating the net particle velocity for every average voidage com-
puted along the height is the key in getting the proper axial voidage
profile for the respective exit shape of the riser column. The new net
cross-section particle velocity is

Vp ¼
Gs

qpð1� �eÞ ð17Þ

The slip factor for a smooth exit as given by Patience et al. [18] is

wsm ¼
Ug

�eVp
ð18Þ

The average bed voidage per unit length, for a riser with smooth
exit is given by Pugsley and Berruti [19] as

esm ¼
Ugqp

Gswsm þ Ugqp
ð19Þ

The slip factor for an abrupt exit configuration can be estimated
from the relation given below:

wab ¼ wsmð1þ RfÞ ð20Þ

where Rf is the reflection coefficient defined by Senior and Brereton
[22] as the ratio of downward solids in the riser to the upward sol-
ids in the riser column which is summarized as

Rf ¼
km

1þ km
ð21Þ

Note that the slip factor for the smooth exit (Eq. (18)) is not depen-
dent on the reflex ratio (km) of the exit shape, though it is shown in
Fig. 1(a), where it represents a small fraction of the solid particles
that get reflected back due to the 90� turn at the exit not because
of the exit shape. And that km value is less significant compared
to that of the abrupt exit (Fig. 1(b)). The bed voidage for a riser with
abrupt exit is calculated as

eab ¼
Ugqp

Gswab þ Ugqp
ð22Þ
3. Axial heat transfer estimation

The hydrodynamic parameters calculated in the predictive
model for both the exit shapes are used as input to the cluster re-
newal mechanistic model [23]. This model is modified with a dif-
ferent correlation for cluster voidage and velocity estimation. The
modified cluster renewal mechanistic model will estimate the
component and bed-to-wall heat transfer coefficients. The starting
parameter for the calculation is the bed average voidage which is
the voidage in Eq. (19) for smooth exit and voidage in Eq. (22)



Table 1
Values of the operating parameters and physical properties of solid particles and gas
used in the analysis

Bed temperature, Tb 1100 K
Wall temperature, Tw 600 K
Solids circulation rate, Gs 30 and 60 kg/ms2

Bed solid particle (sand) size,
dp

250 lm

Superficial gas velocity, U 4 and 6 m/s
Emissivity ep = 0.85; ew = 0.7; ec = 0.5(1 + ep);

ed ¼ ½edpðedp þ 2Þ�0:5 � edp; edp ¼
ep

ð1�epÞ0:5
Physical properties of solid

particle (sand)
qp = 2300 kg/m3; kp = 0.27 W/m K
cpp = 800 J/kg K – Values from Incropera [36]

Physical properties of gas
(air)

qg = 351/T kg/m3

kg = (5.66 � 10�5)T + 1.1 � 10�2 W/m K
Cpg ¼ ð0:99þ 1:22� 10�4TÞ�
103 � ð5:68� 103T�2Þ � 103 J=kg K
lg = 0.42 � 10�6T2/3 N s/m2

T = Tbed K, Correlations as given in
Flamant [37]
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for abrupt exit. The cluster voidage is estimated from the recent
correlation given by Harris et al. [24]:

ec ¼ 1� 0:58ð1� �eÞ1:48

0:013þ ð1� �eÞ1:48 ð23Þ

Here, �e ¼ �eab or �e ¼ �esm based on the exit configuration voidage esti-
mated from Eqs. (19) and (22). The shape of cluster, as observed and
reported in the CFB literature is mostly used in hydrodynamic mod-
els on clusters as primitive geometries such as sphere and cylinder
[25,26]. By using a simple force balance between the gravitational
force and the buoyant force, the second cluster descent velocity
which includes the effects of cluster mass, size and shape is given by

Uc ¼
2mcg

CDqgAc

 !0:5

ð24Þ

The shape is chosen to be a sphere for calculating the mass, area
and Reynolds number of the cluster. The mass of the cluster is ob-
tained using the basic definition of mass, mc ¼ qc p 1

6 d3
c

� �
where

the volume of the cluster is the volume of a sphere (the cluster size
varies with values of about 1–2 cm being an average size of the
cluster as reported in Harris et al. [24] for measured values of clus-
ter sizes from different experimental data). The characteristic tra-
vel (descent) length (Lc) is the distance descended by the cluster
before it disintegrates near the wall in a CFB unit and its value is
estimated by the correlation of Wu et al. [27]:

Lc ¼ 0:0178q0:596
b ð25Þ

The suspension density is estimated using the voidage information
for the corresponding riser exit shape, i.e., �e ¼ �eab or �e ¼ �esm as

qb ¼ ð1� �eÞqp þ �eqg ð26Þ

The component heat transfer coefficients are given below starting
with the particle convection heat transfer coefficient is calculated as

hp ¼
1

1
hc
þ 1

hw

¼ 1
ptc

4kcqccpc

� �0:5
þ dpd

kg

ð27Þ

The gas convection heat transfer coefficient to water–wall surfaces
is estimated from the Wen and Miller [28] correlation proposed for
the dust-laden gas as

hd ¼
kgcp

dpcg

qd

qp

 !0:3
U2

t

gdp

 !0:21

Pr ð28Þ

The thermal radiation between the cluster and the wall can be con-
sidered as two parallel planes due to the size of the cluster and the
radiation heat transfer coefficient is given as [29]

hrc ¼
rðT4

b � T4
wÞ

ð1=ec þ 1=ew � 1ÞðTb � TwÞ
ð29Þ

The thermal radiation between the dispersed particle and the wall
can again be considered as two parallel planes due to the size of
the dispersed phase and the radiation heat transfer coefficient is

hrd ¼
rðT4

b � T4
wÞ

ð1=ed þ 1=ew � 1ÞðTb � TwÞ
ð30Þ

Radiation heat transfer coefficient is a combination of radiation
from the clusters and from the dilute phase and is given by

hrad ¼ fhrc þ ð1� f Þhrd ð31Þ

The fractional wall coverage (f) by clusters is given by Lints and
Glicksman [30] as

f ¼ 3:5ð1� �eÞ0:37 ð32Þ
The fractional wall coverage depends on dilute and dense phase
operating conditions. The bed-to-wall heat transfer coefficient in
the circulating fluidized bed riser is given as the combination of
the component heat transfers:

h ¼ hconv þ hrad ¼ fhp þ ð1� f Þhg þ fhrc þ ð1� f Þhrd ð33Þ
4. Assumptions

– The correlations used in the models abide by each of the corre-
lation’s specific range and limitations especially riser dimen-
sions and operating conditions.

– The bottom bed has very low voidage giving rise to very steep
particle velocity gradients and thus fluctuating heat transfer
coefficients so the bottom portion of the bed is not shown in
Figs. 4–8 and that is the reason for the curves crossing the ordi-
nate for the maximum heat transfer coefficient (right vertical
line).

– The operating conditions and parameters are fixed with respect
to time.
5. Results and discussion

The results are provided here for both Issangya et al. [17] and
He et al. [16] axial voidage distributions along the height. The riser
height and diameter are 24.5 m and 4.7 m, respectively, the same
dimensions used by He et al. [16]. The range of operating parame-
ters and conditions used in the calculations are listed in Table 1.
The radiuses of curvature for smooth and abrupt exits are 0.13
and 0.07, respectively, and the solids reflux ratio for the abrupt exit
is 0.39.

5.1. Axial voidage profiles

The core and annulus regions within the fully developed flow
region of the CFB riser column are one of the most distinctive fea-
tures of the CFB process which helps in enhanced heat transfer
from the gas–solid suspension to the water–walls. The axial voi-
dage distribution in the core and annulus are estimated using
the relations in Eqs. (8) and (9) by Issangya et al. [17] and in
Eqs. (10) and (11) by He et al. [16]. Fig. 2 shows the axial cross-
section averaged voidage for the two riser exit shapes. The Issa-
ngya et al. [17] distribution shows better distinction for smooth
and abrupt exit shapes but it decreases almost linearly with height
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forming a reversed S-curve. The lower particle concentration in
the bottom is contrary to the accepted voidage profiles [31]. The
He et al. [16] axial voidage distribution rather gives a better and
another interesting profile of the axial voidage in Fig. 2, though
with little difference between the smooth and abrupt exit shapes.
The voidage is lower at the bottom (voidage below 95% is not
shown in the figure) and gradually increases with height up to
one-third of the riser, and remains almost constant before
decreasing rapidly in the top region. This is mainly due to the ef-
fect of particle velocity estimation based on core and annulus voi-
dage. The He et al. [16] voidage distribution accounts for
additional parameters that can provide better axial influence on
the voidage estimation. The lateral particle diffusion velocities
estimated in Eqs. (13) and (14) account for the particle interaction
between the core and the annulus regions. Thus, the voidage pre-
dicted is more realistic especially in the top region to account for
the exit shapes based on the slip factors calculated for the given
radius of curvature.

5.2. Effect of superficial gas velocity (Ug) and solids circulation rate
(Gs) on axial bed-to-wall heat transfer coefficient

5.2.1. Axial voidage distribution of Issangya et al. [17]
Based on the voidage profiles, the component heat transfer

coefficients as well as the bed-to-wall heat transfer coefficient
are estimated using the cluster renewal mechanistic model. For
gas velocities of 4 and 6 m/s the axial change in bed-to-wall heat
transfer coefficient is shown in Fig. 3 with two different solids cir-
culation rates (30 and 60 kg/m2 s) for the two exit shapes. The riser
with abrupt exit and large solids circulation rate has the highest
heat transfer value along the riser height due to higher solids con-
centration in the annulus region (annulus thickness increases with
decreasing gas velocity). Due to the form of voidage distribution,
the heat transfer value is more at the top than at the bottom of
the riser.

For a higher gas velocity (Ug = 6 m/s) the curve for Gs = 60 kg/
m2 s in Fig. 3 shows significant reduction in heat transfer values
when compared with the data in Fig. 3 for the same solids circu-
lation rate. This is because of the dilution of the bed due to higher
gas velocity reducing the particle concentration in the core as
well as in the annulus (the annulus thickness is reduced). The
heat transfer value for both smooth and abrupt riser shapes at
30 kg/m2 s are low and do not change much with change in gas
velocity. The Issangya et al. [17] distribution does not give much
variation along the height of the riser due to the limited parame-
ter (just average voidage information) used in estimating the voi-
dage profile (Eq. (8)).

5.2.2. Axial voidage distribution of He et al. [16]
The bed-to-wall heat transfer coefficient values based on the He

et al. [16] axial voidage distribution (mass flux balance model) for
two different solids circulation rates and riser exit shapes are
shown in Fig. 4 for gas velocities of 4 m/s and 6 m/s, respectively.
The voidage profile is reflected here on the heat transfer coefficient.
Higher heat transfer at the bottom with gradual axial reduction un-
til becoming constant towards the top and then increasing rapidly
at the top region of the riser column. The effect of the riser exit
shape is prominent at the top region for both the gas velocity cases.
The riser with higher solids circulation rate at low velocity will
have higher heat transfer coefficient at the top owing to the in-
crease in the particle reflux due to the right angle turn of the flow
stream as well as the proximity to the riser roof. There is not as
much increase in heat transfer in Fig. 4 at the top for the higher
gas velocity case (6 m/s) compared with lower gas velocity (4 m/
s). Again this is due to the dilution of the bed thereby reducing
the particle concentration especially at the top with fewer particles
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refluxing from the roof of the riser column and more particles car-
ried away along with the gas stream.

5.3. Effect of solids reflux ratio and radius of curvature on axial bed-to-
wall heat transfer coefficient

The results from Figs. 5–8 are all based on the He et al. [16] axial
voidage distribution. The primary parameters that account for the
riser exit shape are the solids reflux ratio and radius of curvature.
The solids reflux ratio by definition is the ratio of solids downflow
in the riser at the entry to the exit and external-solids circulation
rate. This parameter accounts for the amount of particles that fall
back after hitting the roof of the riser. It is specified as a constant
number based on the exit shape. Two different solids reflux ratios
(for two abrupt exit shapes) are used for analysis as shown in
Fig. 5. The curves for km = 0.39 represents the short extension
blind/abrupt T exit shape and the curves for km = 2.72 represents
the bend/right angle exit shape [10]. The influence on the axial dis-
tribution of heat transfer is prominent because of the gas velocity.
Within the same gas velocity for the two different solids reflux ra-
tio, heat transfer coefficient increases with increase in the value of
km. This suggests that the higher number of particles reflecting
back into the furnace increases the particle concentration at the
top as well as down into the riser column thus increasing the heat
transfer coefficient.

Fig. 6 shows the bed-to-wall heat transfer value for three differ-
ent smooth exit shapes based on their radii of curvature. The first
one is Rcu = 0.07 representing the short radius bend exit, the second
is with Rcu = 0.13 representing medium radius bend exit and the
third with Rcu = 0.35 represents long radius bend exit. The radius
of curvature is constant for all abrupt exits at 0.07 from experimen-
tal findings of van der Meer et al. [10] and Harris et al. [1]. Fig. 6
shows that the short radius bend exit has higher heat transfer
coefficient especially at the top due to its design for higher solids
reflux at the top region of the riser column. Along the height the



0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

200 250 300 350 400

Heat transfer coefficient (W/m2K)

z/
H

H = 10 m

H = 15 m

H = 20 m

H = 25 m

Ug = 6 m/s

Gs = 60 kg/m2s

D = 3 m

Fig. 8. Variation in bed-to-wall heat transfer coefficients along riser height for four
different riser heights for an abrupt exit shape with a diameter of 3 m.

0

2

4

6

8

10

0 200 400 600 800

Heat transfer coefficient (W/m2K) 

Ax
ia

l L
oc

at
io

n 
(m

)

D = 0.5 m

D = 1 m

D = 2 m

D = 3 m

Ug = 6 m/s
Gs = 60 kg/m2s

Fig. 7. Variation in bed-to-wall heat transfer coefficients along riser height for four
different riser diameters for an abrupt exit shape with an height of 10 m.

6108 N.V. Gnanapragasam, B.V. Reddy / International Journal of Heat and Mass Transfer 51 (2008) 6102–6109
heat transfer profile follows the profile of the respective gas veloc-
ity and solids circulation rate.
5.4. Effect of riser diameter and height on axial bed-to-wall heat
transfer coefficient

Knowlton et al. [32] noted that above a riser diameter of
roughly 0.15 m, the influence of diameter becomes of lesser impor-
tance. The current model predictions are based on annulus and
core voidage along the riser height and the correlation in Eq. (4)
is used for predicting the annulus thickness which is a function
of both riser diameter and height. This correlation was developed
from several experimental data including large CFB risers by Harris
et al. [20] with an average relative error of 23.9% for the data used
to develop the correlation. The range of values of the dimensionless
groups involved in Eq. (4) are 1� �e ¼ 0:001—0:3, (H � z)/H = 0.16–
0.87 and Re = 3900–33,600. Based on this correlation, if there is an
increase in diameter, how much will the exit shape affect the heat
transfer values is predicted and presented in Fig. 7. It shows the
change in bed-to-wall heat transfer coefficient for four different ri-
ser diameters having the same height of 10 m. The smaller diame-
ter riser has little variation in heat transfer value along the riser
height compared with diameters twice and four times the smaller
one. With increase in diameter the heat transfer coefficient in-
creases all along the height. The change in bed-to-wall heat trans-
fer coefficient with different riser heights is shown in Fig. 8 for a
fixed riser diameter of 3 m. The heat transfer coefficient decreases
with increase in height with higher influence in the middle region
of the riser along the height. These two figures give a realistic pic-
ture on the influence of riser dimensions on heat transfer coeffi-
cient. With lower gas velocity and solids circulation rate, the
trends will be reversed like, decrease in heat transfer with increase
in the riser diameter or almost no change with change in diameter
due to the reduction in solids concentration.

5.5. Validation with experimental data and published literature

There are very few experimental data available for axial heat
transfer profile without the exit shape information. Ma and Zhu
[33] have reported experimental axial heat transfer profiles for ri-
ser dimensions and operating conditions different from the cur-
rent model. The current model results when compared with Ma
and Zhu [33] profiles, show similar heat transfer trends and pro-
files with reasonable agreement (60–70%) under similar range of
operating conditions (Gs and Ug). The main information conveyed
in this work is not in the heat transfer values but in its trends,
that is, the riser exit effect on the axial heat transfer behaviour
(proportional variation) when there is change in the hydrodynam-
ics due to the changes in operating conditions, exit geometry
parameters and riser dimensions. The work also proves the
importance of proper core-annulus voidage estimation by com-
paring two different methods; one by correlation [17] and the
other by mass flux balance [16], towards the heat transfer estima-
tion for two riser exit shapes. The difference in the voidage values
from the two methods highlights its sensitiveness to global oper-
ating conditions thus requiring improved prediction of hydrody-
namic parameters especially the core-annulus thickness and
voidage. Other works that have reported experimental axial heat
transfer profiles in CFB risers without exit effect information in-
clude [16,34,35].
6. Conclusion

The current work focused on the effect of abrupt riser exit shape
on axial bed-to-wall heat transfer coefficient by comparing with
smooth riser exit shape. The estimation involved the modeling of
axial voidage distribution based on two different predictions and
the corresponding heat transfer estimation based on the cluster
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renewal mechanistic model. The findings and conclusions from the
model and analysis are:

� The effect of solids circulation rate and gas velocity for the two
riser exit shapes on the axial heat transfer shows higher heat
transfer values for the abrupt exit all along the height with sig-
nificant difference at the top region.
� Updating the particle velocity for a given solids circulation rate
after the axial voidage estimation becomes an important step to
appropriately account for the influence of exit shape down the
riser column from the top.
� Axial heat transfer coefficient increases with increase in solids
reflux ratio and gas velocity for an abrupt exit while not much
change is observed for changes in the radius of curvature for a
smooth exit.
� For an abrupt exit, the heat transfer increases with increase in
the riser diameter with significant difference in the lower por-
tions of the bed rather at the top.
� With increase in height of the riser column, the axial heat trans-
fer decreases significantly for an abrupt exit, especially in the
middle portions of the riser column.
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