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Abstract

In the present paper investigations are conducted on bed-to-wall heat transfer to water-wall surfaces in the upper

region of the riser column of a circulating fluidized bed (CFB) combustor under dilute and dense phase conditions.

The bed-to-wall heat transfer depends on the contributions of particle convection, gas convection and radiation heat

transfer components. The percentage contribution of each of these components depends on the operating conditions

i.e., dilute and dense phase bed conditions and bed temperature. The variation in contribution with operating condi-

tions is estimated using the cluster renewal mechanistic model. The present results contribute some fundamental infor-

mation on the contributions of particle convection, gas convection and radiation contributions in bed-to-wall heat

transfer under dilute and dense phase conditions with bed temperature. This leads to better understanding of heat

transfer mechanism to water-wall surfaces in the upper region of the riser column under varying load conditions i.e.,

when the combustor is operated under dilute and dense phase situations. The results will further contribute to under-

standing of heat transfer mechanism and will aid in the efficient design of heat transfer surfaces in the CFB unit.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Circulating fluidized bed (CFB) combustors are

becoming the core of ‘‘clean coal technology’’ for power

production, owing to their efficient and clean burning of

coal and other solid fuels including biomass and solid

municipal waste, in an environment friendly manner
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with reduced pollutants. The major part of heat transfer

from the combustion products in a CFB unit takes place

above the secondary air injection in the riser column,

where the water-wall and suspended surfaces are

located. The bed hydrodynamic conditions influence

the heat transfer to the water-wall surfaces. The bed-

to-wall heat transfer depends on the contributions of

particle convection, gas convection and radiation heat

transfer components. Wu et al. [1], Basu and Nag [2],

Glicksman [3,4], Grace [5] and Leckner [6] reported heat

transfer measurements/investigations in CFB units. Wu

et al. [1] proposed a mechanistic model to estimate the
ed.
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Nomenclature

c specific heat, J/kg K

csf cluster solid fraction

dp mean bed particle size, 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

hg gas convection heat transfer coefficient,

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 con-

centration

Pr Prandtl number

tc cluster residence time, s

T temperature, K

Uc cluster descent velocity, m/s

Ut terminal velocity of bed solid particles, m/s

Y fraction of particles in the dispersed phase

Greek symbols

ag thermal diffusivity of the gas, m2/s

e volumetric void fraction or voidage

eavg cross-sectional average voidage at the con-

sidered location

d non-dimensional gas layer thickness be-

tween the wall and cluster

lg dynamic viscosity of the gas, N s/m2

q density, kg/m3

qb bed density, kg/m3

Subscripts

b bed

c cluster

d dispersed

g gas

p particle

w wall

G. Nirmal Vijay, B.V. Reddy / International Journal of Heat and Mass Transfer 48 (2005) 3276–3283 3277
bed-to-wall heat transfer coefficient in the riser column

in a CFB unit. Basu and Nag [2] reviewed the published

literature on heat transfer in CFB units and have sum-

marized the mechanistic models as the single-particle,

cluster renewal and continuous film models. Noymer

and Glicksman [7] reported the experimental investiga-

tions on cluster motion and particle convection in a

CFB unit. Noymer and Glicksman [8] proposed empiri-

cal models to estimate cluster descent velocities in CFB

units. He et al. [9] employed fluid dynamic numerical

approach to simulate the bed-to-wall heat transfer in a

CFB unit along the riser height and has provided some

results on the contribution of the particle, gas and radi-

ation in bed-to-wall heat transfer along the riser height

in the CFB unit. Reddy [10] has described the funda-

mental bed-to-wall heat transfer mechanism in a CFB

combustor, and presented some results on the effect of

operating conditions.

From the available CFB literature, it is observed that

good amount of experimental work and modeling has

been done on bed-to-wall heat transfer in CFB units.

The experimental works have reported the behavior of

the phenomena occurring inside the CFBC units from

the measured values of heat transfer coefficients. Several

mechanistic models have been proposed based on corre-

lations and statistical analysis of the experimental re-

sults. These have contributed to the understanding of

the heat transfer mechanism in CFB units. Not much

information is reported in the published literature
(except [9]) on the role of dilute and dense phase operat-

ing conditions including bed temperature on the contri-

butions of particle convection, gas convection and

radiation contributions in bed to wall heat transfer to

water walls in the CFB unit. The heat is transferred to

the water-wall tubes to produce steam. Also, not enough

information is reported in the literature on the contribu-

tions of individual components under dilute and dense

phase operating conditions with bed temperature.

The heat transfer mechanism in a CFB combustor

depends on the operating conditions namely bed/suspen-

sion density and bed temperature. Depending on the

operating conditions, the water -wall surfaces located

above the secondary air injection in the riser column

are exposed to dilute and dense phase conditions. This

influences the heat transfer to water-wall surfaces from

the combustion products inside the CFB unit. In the

present work, the heat transfer mechanism i.e., the con-

tributions of particle convection, gas convection and

radiation in bed-to-wall heat transfer and their depen-

dence on dilute and dense phase conditions and on

bed temperature are investigated using cluster renewal

model. The contributions have been analyzed for dilute

and dense phase conditions to get a good perspective of

the heat transfer mechanism in the CFB unit under vary-

ing load conditions. This also helps to understand parti-

cle, gas and radiation heat transfer behavior and

contributions in dilute and dense phase conditions.

This enhances the understanding of the heat transfer
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phenomena in the CFB unit. The fundamental under-

standing of heat transfer in a CFB unit leads to better

design of heat transferring surfaces.
2. Heat transfer mechanism

The heat transfer mechanism in a circulating fluidized

bed combustor is a complex phenomenon. In the riser

column, above the secondary air injection level, the

gas–solid flow is typically of core-annulus structure.

Near the wall, particles in the form of clusters/agglomer-

ates travel downwards and the gas with few particles will

flow upwards in the center of the riser column. The clus-

ters travel downwards near the wall for a certain distance

and then disintegrate and again reforming occurs as

shown in Fig. 1. The cluster formation, traveling length

and residence time depends on bed hydrodynamic condi-

tions. The clusters contribute significantly to the bed-to-

wall heat transfer in a CFB unit. Apart from this the dis-

persed phase, and radiation contribute in bed-to-wall

heat transfer. The bed-to-wall heat transfer comprises

of heat transfer contributions from clusters, dilute phase

and radiation. The time averaged cluster heat transfer

coefficient (hc), is given by Mickley and Fairbanks [11],

hc ¼
4kcqccc
ptc

� �0.5
ð1Þ

The thermal conductivity of the cluster (kc) can be

estimated from the expression given by Gelperin and

Einstein [12]

kc ¼ kg 1þ ð1� ecÞð1� kg=kpÞ
kg=kp þ 0.28e0.63ðkp=kgÞ

0.18
c

 !
ð2Þ

Eq. (2) is valid for dp < 0.5 mm and kp/kg < 5000.
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Fig. 1. Schematic of the cluster renewal model.
The specific heat of the cluster (cc) is given by

cc ¼ ð1� ecÞcp þ eccg ð3Þ

The volumetric void fraction of the cluster (ec) is esti-
mated from the expression given by Lints and Glicks-

man [13],

ec ¼ 1� csf ð4Þ

The cluster solid fraction (csf) is a function of cross-

sectional bed average voidage (eavg) is given as

csf ¼ 1.23n0.54 ¼ 1.23ð1� eavgÞ0.54 ð5Þ

where n is the cross-sectional average solids volume

concentration (n = 1 � eavg). The cross-sectional bed

average voidage (eavg) is calculated as given below

eavg ¼ ðqb � qpÞ=ðqg � qpÞ ð6Þ

The cluster solid fraction and the number of clusters

formed depend on the operating conditions, i.e., dilute

and dense phase bed conditions and temperature. The

density of the cluster (qc) is estimated using the follow-

ing relation:

qc ¼ ð1� ecÞqp þ ecqg ð7Þ

The residence time of the cluster (tc) in a CFB riser is

given as

tc ¼
Lc

U c

ð8Þ

Here the cluster descent velocity (Uc) is taken from

Glicksman [4] and an average value of 1.26 m/s is used

in the model predictions. The characteristic travel length

(Lc), (descent) of the cluster in a CFB unit is given by

Wu et al. [1],

Lc ¼ 0.0178q0.596
b ð9Þ

A thin gas layer residing between the cluster and wall

introduces another resistance. Gloski et al. [14] have

shown that the resistances due to cluster and gas gap

can be assumed to be in series with each other. The heat

transfer coefficient due to conduction through the

thin gas layer (between cluster and wall) near the wall

of the circulating fluidized bed riser is given by the

relation

hw ¼ kg
dpd

ð10Þ

where ddp is the non-dimensional thickness of the gas

layer between the wall and the cluster. The expression

for d as given by Lints and Glicksman [13] is used

d ¼ 0.0282n�0.590 ¼ 0.0282ð1� eavgÞ�0.590 ð11Þ
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The particle convection heat transfer coefficient is

calculated as

hp ¼
1

ptc
4kcqccc

� �0.5
þ dpd

kg

ð12Þ

The gas convection heat transfer coefficient to water-

wall surfaces is estimated from the Wen and Miller [15]

correlation proposed for the dust-laden gas

hg ¼
kgcp
dpcg

qd

qp

 !0.3
U 2

t

gdp

 !0.21

Pr ð13Þ

where the dispersed phase density (qd) is given by

qd ¼ qpY þ qgð1� Y Þ ð14Þ

The solids fraction in the dispersed phase (Y) is taken

a value of 0.001% as suggested by Basu [16].

The radiation heat transfer coefficient is a combina-

tion of radiation from the clusters and from the dilute

phase. For the clusters, it is given as ([16]),

hrc ¼
r T 4

b � T 4
w

� �
1=ec þ 1=ew � 1ð ÞðT b � T wÞ

ð15Þ

The radiative heat transfer coefficient for the dis-

persed phase is given as

hrd ¼
r T 4

b � T 4
w

� �
1=ed þ 1=ew � 1ð ÞðT b � T wÞ

ð16Þ

The emissivity of the cluster is estimated using the

relation given by Grace [17],

ec ¼ 0.5ð1þ epÞ ð17Þ

The emissivity of the dispersed phase is calculated

from the relation given by Brewster [18],

ed ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ep
ð1� epÞB

ep
ð1� epÞB

þ 2

� �s
� ep
ð1� epÞB

ð18Þ

B = 0.5 for isotropic scattering. The radiative heat trans-

fer coefficient is given by

hr ¼ fhrc þ ð1� f Þhrd ð19Þ
Table 1

Values of operating parameters used in the present model predictions

Bed temperature, Tb (K)

Wall temperature, Tw (K)

Suspension density, qb (kg/m3)

Cluster descent velocity, Uc (m/s)

Bed solid particle (sand) size, dp (lm)

Superficial gas velocity, U (m/s)

Emissivity of wall

Properties of sand
The fractional wall coverage (f) by clusters is given by

Lints and Glicksman [13] as

f ¼ 3.5n0.37 ð20Þ

The fractional wall coverage depends on dilute and

dense phase operating conditions. Under dilute condi-

tions the wall is covered by few clusters and is exposed

mostly to dispersed phase (gas), while under dense phase

conditions the wall is covered by more clusters and the

value of f in Eq. (20) will be high.

The bed-to-wall heat transfer coefficient in the circu-

lating fluidized bed riser is given by

h ¼ hconv þ hrad ¼ ðfhp þ ð1� f ÞhgÞ þ hr ð21Þ
3. Results and discussion

From the described cluster renewal mechanistic

model the contributions of particle convection, gas con-

vection and radiation contributions in bed-to-wall heat

transfer coefficient in the upper region of the riser col-

umn of a circulating fluidized bed combustor are esti-

mated under dilute and dense phase conditions. The

results are generated for the operating conditions listed

in Table 1. Depending on the solids circulation rate

and superficial air velocity (operating conditions), the

upper region will be under dilute phase conditions (less

particle and more gas) and dense phase conditions (more

particles and clusters with less gas). Thus the presence of

dilute phase (<10 kg/m3) and dense phase (20–40 kg/m3),

influences the contributions of particle, gas and radia-

tion contributions in bed-to-wall heat transfer to sur-

faces located in the CFB unit. At present not much is

reported on this in the published literature.

3.1. Convection heat transfer (particle convection

and gas convection)

Particle convection depends on the cluster heat trans-

fer contribution and resistance across the gas-gap layer

resistance between the clusters and wall (as described
575–1200

300–800

2–50

1.26

250

6

0.7

q = 2300(kg/m3), kp = 0.27 W/m K

cp = 800 (J/kg K), ep = 0.85

Values taken from property tables [19]



10

30

50

70

90

575 775 975 1100 1200
Bed temperature (K)

hp
/h

 (%
)

ρ = 5

ρ = 20

ρ = 40

f
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in Eqs. (10) and (12)). The formation of clusters, solids

fraction within the cluster, cluster density, gas-gap thick-

ness between cluster and wall depends on bed suspension

densities i.e., dilute and dense phase conditions. Apart

from this for the same bed (gas–solid suspension) den-

sity, the cluster heat transfer and gas-gap resistance

depends on gas thermal conductivity, which in turn

depends on bed temperature.

Fig. 2 shows the particle convection heat transfer

coefficient to bed-to-wall heat transfer coefficient ratio

variation with bed suspension density. For the given

bed temperature the ratio increases with suspension den-

sity due to increased particle convection heat transfer in

bed-to-wall heat transfer. This is due to the following

reasons: The increase in bed suspension density results

in higher cluster concentration near the wall, higher

solids fraction within the cluster, resulting in higher clus-

ter heat transfer coefficient values. Also, due to higher

bed suspension density, the gas-gap thickness decreases,

due to higher clusters concentration near the wall and

higher solids fraction within the cluster resulting in

reduced gas-gap resistance. More details on this are

reported by Reddy [10]. With increase in bed tempera-

ture the convection and radiation heat transfer contribu-

tions in bed-to-wall heat transfer coefficient increases.

Though the particle heat transfer coefficient increases

with suspension density and bed temperature, the radia-

tion heat transfer increases at a faster rate, and the ratio

of particle convection coefficient to bed-to-wall heat

transfer coefficient ( f hp/h) decreases with temperature,

due to higher contribution of radiation in bed-to-wall

heat transfer coefficient compared to particle convection

as demonstrated by Figs. 2 and 3 respectively.

Fig. 4 represents how the cluster descent velocity can

influence particle convection in a CFB unit. The particle

convection depends on cluster heat transfer and this de-

pends on the velocity at which the cluster descends. The

faster the cluster falls, the cluster will be at high temper-

ature (less cooling), higher heat transfer due to particle
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Fig. 2. Particle convection to bed-to-wall heat transfer coeffi-

cient ratio variation with suspension density.
convection, before the cluster disintegrates. The effect

of cluster descent velocity on particle heat transfer coef-

ficient is shown in Fig. 4.

Fig. 5 represents the gas convection to bed-to-wall

heat transfer coefficient ratio variation with suspension

density. The gas convection component is affected
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coefficient ratio variation with suspension density.
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directly by the superficial gas velocity and is also affected

by the bed temperature (the gas property changes,

Eq. (14)). The contribution of gas convection heat trans-

fer coefficient in bed-to-wall heat transfer coefficient is

high under dilute phase conditions as demonstrated by

Fig. 5. Under dilute phase conditions the bed-to-wall

heat transfer mainly consists of radiation and dilute

phase convection with the contribution of particle con-

vection being minimum. The solids fraction in the

dispersed phase (Y) is taken a value of 0.001% as sug-

gested by Basu [16] in the model predictions. Fig. 6

shows how the change in the value of Y can affect the

gas convective heat transfer in a CFB unit.

The convection heat transfer in the CFB unit depends

on the contributions of particle and dilute phase convec-

tion components. Under dilute phase operating condi-

tions, the particle concentration is less, the particle

convection contribution is less and the gas convection

contributes significantly in the bed-to-wall heat transfer

as demonstrated by Fig. 7. With increase in bed density,

the particle concentration, cluster concentration near the
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Fig. 6. Effect of solids concentration in the dilute phase on gas

convective heat transfer to bed-to-wall heat transfer coefficient

ratio, Tb = 1100 K.
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wall increases which enhances particle convection. The

gas convection contribution decreases with increase in

suspension density and at one point its contribution is

going to be negligible. This is due to the fact that near

the wall the cluster and particle concentration is so high,

the bed-to-wall heat transfer coefficient mainly consists

of particle convection and radiation heat transfer contri-

butions. This trend can be used as an approximation in

circulating fluidized bed heat transfer models to consider

the convection component as pure particle convection

for higher bed suspension densities. This information

is not reported in the published literature so far.

The convection coefficient to bed-to-wall heat trans-

fer coefficient ratio variation with suspension density is

demonstrated in Fig. 8. The contribution of convection

heat transfer increases with suspension density for the

same bed temperature. This is due to increased particle

convection with increased suspension density. However,

for the same suspension density, with increase in bed

temperature, the ratio decreases. This is due the fact

that, though particle heat transfer coefficient increases

with bed temperature, the radiation heat transfer contri-

bution increases at a faster rate resulting in higher bed-

to-wall heat transfer coefficients. At low suspension

densities (dilute phase conditions) and at higher bed

temperatures (1100–1200 K) the contribution of con-

vection heat transfer is less compared to radiation heat

transfer. For the same bed temperature, at higher sus-

pension densities the convection heat transfer coefficient

increases due to higher particle convection heat transfer

contributions in bed-to-wall heat transfer coefficient.

3.2. Radiation heat transfer

Radiation is another important heat transfer phe-

nomena in a CFB combustor, which influences the

bed-to-wall heat transfer coefficient. Radiation depends

on furnace walls and the bed temperatures. The emissiv-

ities of the wall, clusters, and the dispersed phase (phase

in the circulating fluidized bed riser which does not
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include the clusters), do affect the radiation heat transfer

significantly. Fig. 9 demonstrates the radiation heat

transfer coefficient to bed-to-wall heat transfer coeffi-

cient ratio variation with bed temperature. As men-

tioned in the cluster renewal model earlier, isotropic

scattering was used to estimate the emissivity of the

bed in Eq. (18). The radiation heat transfer coefficient

depends on the cluster radiation heat transfer and dis-

persed phase radiation heat transfer contributions. The

radiation heat transfer coefficient contribution in bed-

to-wall heat transfer coefficient is dominant at higher

bed temperatures and at low suspension densities (dilute

phase, <10 kg/m3). With increase in suspension density,

the particle concentration increases, which enhances

particle convection heat transfer coefficient in bed-to-

wall heat transfer coefficient. Thus at higher suspension

densities, the contribution of radiation heat transfer de-

creases due to the above mentioned reasons, but still

contributes significantly. Under dilute phase conditions

radiation dominates, contributing (Fig. 9) almost 50–

60% in total bed-to-wall heat transfer coefficient.

3.3. Bed-to-wall heat transfer

For a particular solids circulation rate and superficial

air velocity (operating conditions), the suspension den-

sity is more, above the distributor plate and decreases

along the riser height in CFB unit. For the same solids

circulation rate, with increase in air velocity more solids

are transported along the riser height resulting in higher

suspension densities in the upper region of the riser col-

umn. Under dilute phase conditions radiation heat

transfer dominates in bed-to-wall heat transfer, when

compared with particle convection and gas convection

components. With increase in suspension density, the

contribution of particle convection increases. The gas

convection contribution is comparatively low both in

dilute and dense phase conditions. He et al. [9] have

observed higher particle convection heat transfer to

bed-to-wall heat transfer ratios in the bottom region
due to higher bed density and the ratio decreases along

the height due to reduced suspension density. The radi-

ation heat transfer ratio is low in the bottom region due

to higher particle convection, and it increases along the

height due to dilute nature of the bed and radiation con-

tribution is maximum in the upper region. He et al. [9]

did calculations from the data obtained from a coal-fired

circulating fluidized bed boiler, with bed temperatures

ranging from 1123 to 1223 K, superficial gas velocity

from 5 to 6.5 m/s, and for two different bed particle

sizes. He et al. [9] represented the results along the riser

height of the CFB unit, where the bottom of the unit has

higher bed density and the bed density decreases along

the riser height. The present model predictions on per-

centage variation of particle, gas and radiation heat

transfer contributions in bed-to-wall heat transfer coeffi-

cient with suspension density are shown in Fig. 10. The

present results also show similar trends as reported by

He et al. [9]. Under dilute conditions (low densities),

the contribution of radiation is dominant and at higher

bed densities the contribution of particle convection is

significant. The gas convection variation is pretty much

same in both the cases, owing to its dependency on tem-

perature and gas velocity as described by Eq. (13).

The load variation in a CFB unit determines the

range of suspension densities in the upper region of

the riser column. At low operating air velocities the

upper region of the riser column will operate in dilute

phase and the contribution of radiation and gas convec-

tion is higher in bed-to-wall heat transfer. Under dense

phase conditions the particle convection and radiation

contribution is significant with bed temperature as

shown in Fig. 11. The percentage contribution of differ-

ent heat transfer components for two bed suspension

density cases (5 and 20 kg/m3) are represented in Fig.

11. This gives a better picture of the heat transfer mech-

anism under varying load conditions (dilute and dense

phase conditions) in the upper region of the CFB riser

column.
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4. Conclusion

In a CFB combustor the bed-to-wall heat transfer

coefficient depends on particle convection, gas convec-

tion and radiation heat transfer contributions. They in

turn depend on the operating conditions i.e., dilute and

dense phase and bed temperature. The clusters contrib-

ute more in particle convection in the dense phase condi-

tions and their contribution in the dilute phase is low

because of less number of clusters formation and reduced

cluster solids fraction. The gas convection contributes in

dilute phase conditions than in the dense phase condi-

tions. The radiation contribution is dominant in the

dilute phase conditions and at higher bed temperatures.

The relative contributions of particle convection, gas

convection and radiation heat transfer are different along

the combustor height due to variation in suspension den-

sity in the CFB unit. Under dilute phase conditions in the

upper region of the riser, radiation heat transfer domi-

nates than particle convection and gas convection in

bed-to-wall heat transfer coefficient. Gas convection con-

tribution in bed-to-wall heat transfer coefficient is also

significant. In the upper region under dense phase condi-

tions, the particle convection contributes significantly in

bed-to-wall heat transfer coefficient apart from radia-

tion. The present work provides some fundamental de-

tails to understand the heat transfer mechanism under

dilute/dense phase conditions in the upper region, which

occurs due to load change (control) situations in the riser

column of a CFB combustor.
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