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Abstract Experimental research has been carried out in a supercritical
circulating fluidized bed combustor in order to indicate the effect of the bed
particle size on bed-to-wall heat transfer coefficient. The bed inventory used
were 0.219, 0.246 and 0.411 mm Sauter mean particles diameter . The op-
erating parameters of a circulating fluidized bed combustor covered a range
from 3.13 to 5.11 m/s for superficial gas velocity, 23.7 to 26.2 kg/(m2s) for
the circulation rate of solids, 0.33 for the secondary air fraction and 7500
to 8440 Pa pressure drop. Furthermore, the bed temperature, suspension
density and the main parameters of cluster renewal approach were treated
as experimental variables along the furnace height. The cluster renewal ap-
proach was used in order to predict the bed-to-wall heat transfer coefficient.
A simple semi-empirical method was proposed to estimate the overall heat
transfer coefficient inside the furnace as a function of particle size and sus-
pension density. The computationally obtained results were compared with
the experimental data of this work.
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Nomenclature

c – specific heat, kJ/(kgK)
d – diameter, m
dp – mean bed particle size, mm
Dh – hydraulic diameter, m
e – emissivity
f – fractional of the wall covered by clusters
g – gravitational acceleration, m/s2

Gs – solids circulation flux, kg/(m2s)
h – bed-to-wall heat transfer coefficient, W/(m2K)
H – height of furnace, m
k – thermal conductivity, W/(m K)
Lc – cluster characteristic travel length, m
n – empirical constant
p – pressure, Pa
Pr – Prandtl number, Pr = cgµg

kg

SA – secondary air fraction
tc – cluster residence time, s
T – temperature, K, oC
Uc – cluster descent velocity, m/s
Umf – minimum fluidization velocity, m/s
Uo – superficial gas velocity, m/s
Ut – terminal velocity of bed solid particles, m/s
z – vertical coordinate

Greek symbols

ε – voidage
εmf – voidage at minimum fluidization
δ – nondimensional gas layer thickness between the wall and cluster
ρ – density, kg/m3

ρs – suspension density, kg/m3

σ – Stefan-Bolzmann’s constant, W/(m2K4)

Subscripts

av – average
b – bed
c – cluster
cal – calculated value
con – convection component of heat transfer coefficient
d – dispersed
exp – experimental value
f – fluidization
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g – gas
m – minimum
max – maximum
p – particle
rad – radiation component of heat transfer coefficient
rc – radiation component of heat transfer coefficient from cluster

phase
rd – radiation component of heat transfer coefficient from di-

sphersed phase

ref – reference value
s – suspension
sat – saturation
w – wall

1 Introduction

In the last twenty years the construction of circulating fluidized bed (CFB)
combustors has been developed with progressively increasing capacity of
the CFB units. The use of circulating fluidized bed technology with regard
to heat and power generation is the most common one due to such factors
as fuel flexibility, high efficiency, compact furnace size, good heat transfer
characteristics, efficient combustion, adaptability to load change and also
low emission of pollutants. Some detailed information on the current status
of circulating fluidized bed technology in different regions of the world was
presented [1,2]. In literature [3–5], there are some mathematical models of
heat transfer and flow phenomena in the furnace chamber of boilers. Heat
transfer data from CFB units in a large-scale are rarely presented due to
commercial reasons and measuring difficulties. Until now, only a limited
number of studies [6–11] have treated the effect of bed particle size on the
heat transfer coefficient at the wall surface in a laboratory scale at low
furnace temperatures ranging from 65 oC to 400 oC. Moreover, several ex-
perimental works on heat transfer inside the furnace chamber [12–18] were
carried out in circulating fluidized beds with different mean particle diame-
ters, at bulk temperature in the measurement section ranging from 700 oC
to 900 oC. These results obtained by different authors [6–18] confirm that
larger particles give a lower overall bed-to-wall heat transfer coefficient. A
proper size of bed particles inside the combustion chamber makes it possible
to obtain the vertical distribution of suspension density necessary to main-
tain the optimum operating temperature which improves its performance.

In this study, the effect of bed particle size on the heat transfer coeffi-
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cient between a submerged vertical membrane wall and a fluidized bed was
determined. The bed inventory used in the present study were solid particles
with Sauter mean diameter of 0.219, 0.246 and 0.411 mm. A semiempir-
ical heat transfer model was proposed to predict the overall heat transfer
coefficient at different sizes of bed particles. The cluster renewal approach
was used to estimate a bed-to-wall heat transfer coefficient inside the fur-
nace chamber. The predicted values of that heat transfer coefficient were
compared with experimental data for CFB unit in a large-scale.

2 Cluster renewal model of heat transfer in CFB
furnace

In the present model the hydrodynamic parameters of circulating fluidized
bed system have been taken into account. In CFB boilers the gas-solid flow
pattern above the refractory line (i.e., the secondary air injection level) in-
side the furnace chamber is typically of a core-annulus structure. In the core
with a dilute suspension, solids move upward with an occasional presence
of clusters. The gas velocity in the dilute core is well above the superficial
gas velocity, while that in the annulus is low to negative since solids in the
form of clusters move downwards. The downward velocity of clusters in the
annulus region is between 2 and 8 m/s in large-scale CFB boilers [19]. In
a certain distance from the membrane wall, outside of the thin gas layer, the
particles form clusters and then solid agglomerates disintegrate as shown in
Fig. 1.

The gas gap thickness, δ, between the wall and the cluster is calculated
using an expression given by Lints et al. [20]. Based on these considerations,
the membrane wall comes interchangeably in contact with clusters and the
dispersed phase. A typical cluster travel length, Lc, and residence time, tc,
(i.e., time of contact between the cluster and the wall) depend upon bed
hydrodynamic conditions and they can be estimated in a CFB unit by the
expressions given by Wu et al. [21]

Lc = 0.0178ρ0.596b , (1)

and proposed by authors [22]

tc =
Lc

Uc
=

Lc

0.75 (ρpgdp/ρg)
0.5 , (2)
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Figure 1: Conceptual view of cluster and gas gap close to a membrane-wall [20].

where Uc represents cluster descent velocity, ρb is bed density, ρp particle
density, ρg gas density, dp denotes mean bed particle diameter in m and g
is gravitational acceleration.

In applied mechanistic model, the heat transfer coefficient between the
membrane wall and the bed includes contributions of particle convection,
hp, gas convection, hg, cluster convection, hcon, gas conduction, hw and
radiation hrad are considered to be relevant. The radiation heat transfer
coefficient is a combination of radiation from the clusters hrc and from
the dispersed phase hrd. Thus, in circulating fluidized bed combustors the
overall bed-to-wall heat transfer coefficient above the secondary air injection
level in dilute phase is given by the expression

h = hcon + hrad = fhp + (1− f) hg + fhrc + (1− f) hrd , (3)

where f denotes the fractional wall coverage by clusters, Duta et al. [23]:

f = 1− exp
[

−4300 (1− ε)1.39 (Dh/H)0.22
]

. (4)

In the Eq. (6), ε denotes voidage, Dh is a hydraulic diameter and H repre-
sents the furnace height in m. The derivation of the coefficients in (6) was
estimated on basis of data from several commercial CFB boilers. The heat
transfer Eqs. (7)–(11) used in this mechanistic model are given below and



212 A. Błaszczuk, W. Nowak and S. Jagodzik

the formulas needed for estimating the physical and thermal properties of
the cluster as well as a typical flue gas of a coal-fired fluidized bed can be
found in [24].

The particle convective heat transfer coefficient, hp, is given by expres-
sion

hp =
1

(

1
hc

+ 1
hw

) =
1

(

πtc
4kcρccc

)0.5
+

dpδ
kg

, (5)

where hc denotes the heat transfer coefficient from the clusters to the mem-
brane wall, hw means the heat transfer through the gas layer between cluster
and the wall due to conduction, kc represents cluster thermal conductivity,
ρc denotes cluster density, cc is the specific heat of clusters, dpδ means gas
layer thickness between the wall and the cluster, and kg is gas thermal
conductivity. The gas convection heat transfer coefficient is given as

hg =
kgcp
dpcg

(

ρd
ρp

)0.3( U2
t

gdp

)0.21

Pr , (6)

where kg is thermal conductivity of gas, Ut represents terminal velocity of
the bed particles, ρd denotes dispersed phase density, Pr is Prandtl number,
cg and cc are the specific heat for gas and cluster, respectively. Similar to
the convective heat transfer coefficient, the radiation from the bed to the
wall comprised two components: (i) a cluster phase hrc and (ii) a dispersed
phase hrd. The cluster phase component is

hrc =
σ
(

T 2
c + T 2

w

)

(T+
c Tw)

(1/ec + 1/ew − 1)
, (7)

where Tc represents the temperature of cluster, Tw denotes the wall tem-
perature and σ is the Stefan-Bolzmann’s constant. In the Eq. (9), wall
emissivity ew equal to 0.8 and particle emissivity ep = 0.7, as suggested
by Basu [24]. With a particle emissivity of 0.7, the emissivity of cluster ec
is estimated from the formulae, which takes account of the inert particle
radiation:

ec = 0.5 (1 + ep) . (8)

Radiation between a dispersed phase and the wall is estimated from the
expression

hrd =
σ
(

T 2
b + T 2

w

)

(Tb + Tw)

(1/ed + 1/ew − 1)
, (9)
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where Tb represents bed temperature, ed is emissivity of that dispersed
phase. For commercial CFB boilers, emissivity of the dispersed phase is
estimated by correlation

ed =

[

ep
(1− ep) 0.5

(

ep
(1− ep) 0.5

+ 2

)]0.5

− ep
(1− ep) 0.5

. (10)

3 Semiempirical heat transfer equations

In the present work, a few empirical relationships between the overall bed-
to-wall heat transfer coefficient, suspension density and particle size are
adapted to estimate the heat transfer coefficient (HTC) for the given Sauter
mean particle diameter from a reference HTC. A numerical quantity of heat
transfer coefficient is calculated for another particle diameter and both local
suspension density in the CFB furnace and a size correction factor as the
following are taken into consideration [9]:

h = href

(

dref
dp

)n

, (11)

where the subscript ref indicates the reference data and n means the em-
pirical constant. The reference particle diameter dref equals 0.179 mm, as
suggested by [9] and the corresponding bed-to-wall heat transfer coefficient
is estimated from the following equation proposed by the authors of this
work:

href = 3.38 + 49.16ρb − 0.30ρ2b , (12)

where ρb refers to the bed density in kg/m3. The above empirical relation-
ship was obtained on the basis of furnace data (about 100 data points) for
a supercritical circulating fluidized bed boiler.

The parameter n is a function of suspension density and plays a more
significant role than the mean particle size suggested in [9]. In that case the
exponent in the empirical correlation (11) is calculated from the following
equation:

n = 2.218×10−1−1.069×10−3ρs+2.338×10−4ρ2s−1.788×10−6ρ3s , (13)

where ρs is the suspension density. The expression (13) is valid to bed
particles of diameter in the range from 0.179 mm to 0.545 mm. In this heat
transfer study, the coefficient n was obtained for the same data which was
used for the comparison in the Section 5.
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4 Performance test and experimental conditions

Experiments were carried out under a steady state condition on a com-
mercial circulating fluidized bed combustor in order to analyse the effect
of the bed particle size on the bed-to-wall heat transfer coefficient under
similar operating conditions. The main process data of the CFB facility are
summarized in Tab. 1

Table 1: Experimental conditions referred to in this heat transfer study.

Parameter Unit of measure Overall range

Thermal capacity, Qth MWth 384–966
Superficial gas velocity, Uo m/s 3.13–5.11
Terminal velocity, Ut m/s 1.99–2.91
Minimum fluidization velocity, Umf m/s 0.01643–0.05443
Particle density, ρp kg/m3 2680–2750
Bed pressure, pb Pa 7050–8000
Pressure drop, ∆p Pa 7500–8440
Bed temperature, Tb K 1118–1201
Furnace temperature difference, ∆T K 18–55

The heat transfer coefficient was estimated on the basis of performance
tests on 1296 t/h supercritical CFB combustor at Tauron Generation S.A.
Lagisza Power Plant in Poland. These performance tests were conducted in
a supercritical CFB boiler with a bed cross section of 27.6 m×5.3 m and the
furnace being 48 m tall. The membrane walls consist of tubes connected by
the fins. The tubes have a 51 mm outer diameter and a 52 mm pitch (Fig. 2).
These active heat transfer surfaces were placed above the refractory line in
CFB furnace. Additional details of CFB facility are reported elsewhere
[25,26].

To measure the bed temperatureK-type thermocouples were used. They
were installed on the front wall of the combustion chamber. Four set of ther-
mocouples were placed along the vertical direction in this furnace chamber
with equal spacing at the nondimensional distance z/H of 0.25, 0.50, 0.65
and 0.87 (Fig. 2). Moreover, in the present study the wall temperature of
the heat transfer surface was estimated, as suggested by Basu [24] by

Tw = Tsat + 30 , (14)

where Tsat denotes the saturation temperature of steam. At the CFB unit,
the steam temperature inside the membrane wall was continuously mea-
sured and stored as 5-minute averages using the online monitoring system.
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Figure 2: The furnace chamber of CFB boiler and locations of multiple sampling ports
with schematic diagram of measurement system.

The saturation temperature of the fluid inside the tube is slightly lower
than the wall surface temperature.

In a supercritical CFB boiler, pressure measurements were carried out at
the walls of the combustion chamber. Static pressure measurements were
carried out at the same non-dimensional distances z/H from the air dis-
tributor like in the case of the furnace temperature measurements (Fig. 2).
Pressure taps (4 pieces at the front wall) were mounted flush with the wall
of furnace chamber to measure pressure drops around the water membrane
wall and then connected to differential pressure transducer. From the mea-
sured pressure drop along CFB furnace, the apparent cross-sectional bed
average voidage, ε, was estimated as

ε = 1− 1

gρp

(

∆p

∆H

)

, (15)

where ∆p represents pressure drop, ∆H denotes distance between pressure
tappings.
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All performance tests were conducted with five sizes of bed inventory,
with Sauter mean particle diameters of 0.219, 0.246 and 0.411 mm. The
mean bed particle size was defined as the bed material size for the bot-
tom ash since the ports for representative bed material sampling along the
height were not installed in CFB furnace. The particle size distributions
(PSD) of the bed are provided from the performance test and the sieve
analysis (Fig. 3).

Figure 3: Particle size distributions of bed inventory during performance tests.

5 Results and discussion

Figure 4 demonstrates the effects of mean bed particle size on the bed-to-
wall heat transfer coefficient for different relative furnace heights of CFB
boiler. It can be observed that the present study confirms strong depen-
dency of the bed-to-wall heat transfer coefficient on the bed particle sizes
and the suspension density. With an increase in the furnace height, the
solid suspension density decreased and as a result the values of heat trans-
fer coefficient decreased. As presented in Fig. 4, some differences in the
overall heat transfer coefficient between the particle size of 0.219 mm and
0.411 mm were at the level of +98% on average. One can notice that CFB
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heat transfer is more significant for smaller particles and large suspension
density. This effect was also confirmed by the authors [9]. Moreover, varia-
tions of the overall heat transfer coefficient as a function of the bed particle
sizes have an exponential function. The fitting curves corresponding to all
relative heights of furnace are drawn in Fig. 4. The heat transfer coefficient
is predicted by Eq. (5) with the correlation coefficient covering the range
from 0.91 to 0.98. The reported values of heat transfer coefficient in a func-
tion of particle diameter are a satisfactory correlation for relative heights
of furnace 0.25, 0.65 and 0.87. The correlation of heat transfer coefficient
for z/H = 0.5 is not satisfactory. Obtained results of the heat transfer
coefficient by using the cluster renewal approach are characterized by low
uncertainties. The uncertainty in the heat transfer coefficient is in the range
from ±7.9 to ±21.8 W/(m2K) and for the mean bed particle size is from
±0.00004 m to ±0.00008 m. The major source of inherent error is the un-
certainty in the heat transfer coefficient caused by the level of accuracy of
the sieve analysis of bed inventory, as shown in Fig. 4, the uncertainty in a
mean bed particle diameter is caused by attrition process of bed particles
during the sieve analysis of each bed material sample. Smaller bed particle
sizes have a larger contact area with the membrane wall when compared
with bigger particles. Operating finer bed particles could be compared to
a denser curtain. This curtain is located between the high temperature core
and the wall. It contributes to a decrease in the net radiation flux.
The bed particle size has an impact on the heat transfer process, especially

on the suspension radiation absorption and scattering. Finally, more heat is
transported from finer particles to the gas and then conducted from the gas
to the wall. Smaller bed particles within the mixture of gas-solids make the
gas gap thinner and hence resulting in lower gas gap conduction resistance.
Consequently, the particle heat transfer mechanism plays more important
role in the case of smaller size bed particles rather than the bigger ones.
In a large-scale CFB unit, finer bed particles contribute to higher overall
bed-to-wall heat transfer coefficient values due to an increase in the convec-
tive component of the heat transfer process. As far as two convective heat
transfer components are concerned, with a decrease in the bed particle size,
the particle convection heat transfer coefficient increased rapidly while the
gas convection heat transfer was almost unchanged.

It is commonly known that the bed-to-wall heat transfer coefficient is
strongly correlated with the suspension density inside CFB furnace. Fig-
ure 5 presents the bed-to-wall heat transfer coefficient as a function of rela-
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Figure 4: Variation of local heat transfer coefficient along the CFB furnace height versus
mean bed particle size.

tive suspension density for different mean bed particles sizes. In this work,
relative suspension density results are given in a dimensionless scale and
referred to the maximum value of the suspension density inside the com-
bustion chamber during all performance tests. The maximum value of solids
suspension density equals 6.22 kg/m3 during performance tests. The over-
all heat transfer coefficient increases with suspension density as observed
in a supercritical circulating fluidized bed boiler in a large-scale. At sus-
pension density less than 2.93 kg/m3 the heat transfer from the dispersed
phase to the wall is dominated by thermal radiation, as distinct from the
region of CFB furnace with high solid concentration. Then, particle heat
transfer coefficient plays a major role in the heat transfer mechanism under
dense phase conditions whereas the wall is covered by more clusters (about
f = 57%). In a dilute region the membrane wall is covered by only a few
clusters (about f = 12%). That was quite predictable since thermal ca-
pacity of the bed inventory is much higher for higher values of suspension
density.

The heat transfer data in Fig. 5 indicate an essential influence of sus-
pension density on the heat transfer coefficient. The slope of experimental
data is proportional to suspension density and also to the bed tempera-
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Figure 5: Effect of suspension density on bed-to-wall heat transfer coefficient for different
mean bed particle size.

ture. That tendency of variation was proportional to the fractional power
of suspension density and it depended upon the local fluid characteristic and
the thermal boundary layer. A thin gas gap reduced the bed-to-wall heat
transfer coefficient, especially the particle heat transfer coefficient. It could
be explained by the fact that the gas gap provides a significant amount of
resistance to the cluster heat transfer, even if it is quite small in thickness.
Otherwise, during performance tests the thickness of the gas layer varied
along the height of the combustion chamber from 0.227 mm at dense phase
conditions (bottom region) to 1.205 mm at dilute phase conditions (exit
region). With a decrease in suspension density, the cluster heat transfer
coefficient decreases, however, the gas layer thickness increases. High sus-
pension density results in resistance of the low thickness gas layer between
clusters and an active heat transfer surface and also in an increase in the
cluster heat transfer coefficient. This in turn leads to a higher bed-to-wall
heat transfer, which has been confirmed in [27,28].

The accuracy of the proposed Eq. (12) is proved via comparing com-
putationally obtained results with the results of experimental tests. In
this comparison, the same input variables (i.e., mean bed particle size and
suspension density) are used in the experimental tests as the calculations.
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Figure 6 shows the comparison between the overall bed-to-wall heat transfer
coefficient calculated from Eq. (13) and estimated on the basis of the perfor-
mance tests at different values of mean bed particle sizes: 0.219, 0.246, and
0.411 m. The whole comparison covers the numerical value normally occur-
ring in circulating fluidized bed systems. The middle line at 45o is the line
of perfect agreement and the remaining two dashed lines show the boundary
of 21%. Typically, the bed-to-wall heat transfer coefficient decreased when
the bed particle size and the CFB furnace height increased.

Figure 6: Comparison of predicted overall bed-to-wall heat transfer coefficient with ex-
perimental data for different mean bed particle size.

At bed particle size of 0.219 mm inside the combustion chamber with
suspension density more or equal to 5.44 kg/m3, the variations of heat
transfer data from the theoretical line were high as opposed to the results
obtained for other sizes of bed particles. This suggests that the heat transfer
coefficient increases continuously together with an increase in the operat-
ing pressure. The same tendency of heat transfer coefficient variations was
reported by others [29]. It is observed in Fig. 6 that good correspondence
with the theoretical prediction was obtained in the case of two bed particle
sizes in the present study, 0.246 mm and 0.411 mm. Deviation between
computationally obtained results and experimental data exceed 21%. It in-
dicates that as far as the proposed heat transfer correlation is concerned,
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the prognosis is promising and it is possible to estimate the bed-to-wall
heat transfer coefficient reliably. Moreover, determined empirical correla-
tion confirms both flexibility and sufficient accuracy of the heat transfer
model.

6 Summary

The experimental investigation on the heat transfer behavior inside a fur-
nace chamber for the large-scale CFB facility shows the following key results:

• The overall heat transfer coefficient is strongly dependent on three
important factors: (i) bed particle size, (ii) suspension density, (iii)
and hydrodynamics of a circulating fluidized bed.

• In the bed, finer particles produce higher heat transfer coefficient than
bigger ones due to a higher contact point on the active heat transfer
surface.

• The experimental heat transfer data indicate that the bed-to-wall heat
transfer coefficient is reduced along the height of a supercritical CFB
unit furnace.

• Suspension density plays an essential role in the heat transfer behavior
since particle convection is a dominant mechanism of the heat transfer
between the bed inventory and the membrane wall surface.

• The bed-to-wall heat transfer coefficient generally increased with the
suspension density due to high heat capacity of solids.

• A semiempirical method is proposed to predict the overall heat trans-
fer coefficient in a circulating fluidized bed. The proposed method
gives a satisfactory description regarding the effect of the size of bed
particles on the overall heat transfer coefficient. The heat transfer
Eq. (12) can be successfully applied to fluidized beds of particle with
Sauter mean diameters ranging from 0.219 mm to 0.411 mm. The
obtained 21% discrepancy between the experimental and calculated
values of the overall heat transfer coefficient seems satisfactory.
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