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Abstract This paper focuses on assessment of the effect of flue gas recir-
culation (FGR) on heat transfer behavior in 1296t/h supercritical coal-fired
circulating fluidized bed (CFB) combustor. The performance test in super-
critical CFB combustor with capacity 966 MWth was performed with the
low level of flue gas recirculation rate 6.9% into furnace chamber, for 80%
unit load at the bed pressure of 7.7 kPa and the ratio of secondary air to the
primary air SA/PA = 0.33. Heat transfer behavior in a supercritical CFB
furnace between the active heat transfer surfaces (membrane wall and su-
perheater) and bed material has been analyzed for Geldart B particle with
Sauter mean diameters of 0.219 and 0.246 mm. Bed material used in the
heat transfer experiments had particle density of 2700 kg/m3. A mechanis-
tic heat transfer model based on cluster renewal approach was used in this
work. A heat transfer analysis of CFB combustion system with detailed
consideration of bed-to-wall heat transfer coefficient distributions along fur-
nace height is investigated. Heat transfer data for FGR test were compared
with the data obtained for representative conditions without recycled flue
gases back to the furnace through star-up burners.
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Nomenclature

c – specific heat, kJ/(kgK)
dp – mean bed particle size, mm
dt – tube internal diameter, mm
Dh – hydraulic diameter, m
Dt – tube external diameter, mm
e – emissivity
f – fraction 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
HSH – height of superheater SH, m
k – thermal conductivity, W/(m K)
Lc – cluster characteristic travel length, m
P – pressure, Pa
PA – primary air fraction
Pr – Prandtl number
q – heat flux recovery from the core region, W/m2

Re – Reynolds number
s – spacing, mm
SA – secondary air fraction
tc – cluster residence time, s
T – temperature, K
Uc – cluster descent velocity, m/s
Ug – superficial gas velocity, m/s
Umf – minimum fluidization velocity, m/s
Ut – terminal velocity of bed solid particles, m/s
y – horizontal coordinate
z – vertical coordinate

Greek symbols

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

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

Subscripts

b – suspension
c – cluster
d – dispersed
f – fluidization
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FGR – value for flue gas recirculation test
g – gas
p – particle
r – radiation component
refer – value for reference test
SH – superheater
t – tube
w – wall

1 Introduction

Circulating fluidized bed (CFB) combustion of fossil fuels is one of the
technologies used to electricity generation and production of heat. This
technology is characterized by fuel flexibility and multi fuel operation, high
availability, net efficiency near 45% (higher steam parameters), low emis-
sions of air pollutions (SO2 and NOx) into the atmosphere and also pos-
sibility to cut carbon dioxide emissions. Since 1995, CFB units have been
actively developing with an increasing capacity of industrial CFB boilers
[1–4]. In the modern power generation systems, one way of equalize furnace
temperature profiles, both horizontal and vertical profiles, is flue gas recir-
culation (FGR) [5]. Several alternative possibilities exist to controlling of
the reaction temperature in combustors: (i) commonly used external flue
gas recirculation [6], (ii) internal flue gas recirculation [7], (iii) burner op-
eration under nonstoichiometric conditions [8]. Moreover, in CFB boilers
the flue gas recirculation into combustion chamber affect: (i) reduction of
NOx emissions from combustion process in two ways: lowering peak flame
temperatures as well lower the average oxygen content of the oxidant [9,10],
(ii) flame stability (i.e., lowering adiabatic flame temperature) [11], (iii)
thermal material stability for oxy-fuel combustion technology with oxygen
concentration over 25 vol.% in the oxidant [12], (iii) scale-up and design
of heat transfer surfaces for CFB combustors, in particularly a change in
the heat transfer distribution between radiative section of furnace chamber
and back pass [13]. Combustion process based on flue gas recirculation into
the circulating fluidized bed boiler is easy to implement for control of heat
transfer conditions inside furnace chamber. Too high furnace temperature
is the main problem in maintain the optimum operating conditions in or-
der to reduce greenhouse gas emissions into the atmosphere. Thus, CFB
combustion systems need to be carefully designed, and optimized to en-
sure efficient operation. For this reason, detailed knowledge and experience
about the heat transfer mechanisms inside a large-scale furnace chamber
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are major aspects to properly design an effective active heat transfer sur-
face and to achieve desirable high performance in the circulating fluidized
bed combustor. Recent research studies have been focused on heat transfer
characteristic in the laboratory or pilot scale [14–18], but as far as author
knows, there are not studies about how flue gas recirculation influences heat
absorption from the bed material to the membrane wall in large-scale CFB
unit. This fact is due to measuring difficulties and commercial reasons.

In the current research study, a mechanistic heat transfer model based
on cluster renewal approach was used in order to evaluate the contribution
of particle convection, gas convection, cluster convection, radiation from
cluster dispersed phase to the overall heat transfer coefficient. The model
takes into account the effect of fractional of the wall exposed to clusters,
gas gap thickness between clusters and the wall, thermal conductivity of the
cluster, cluster solid fraction and residence time of the cluster in a CFB unit.
To estimate the bed-to-wall heat transfer coefficient, the experimental data
from CFB combustor in a large-scale were used. The heat transfer mech-
anism in a CFB combustor was analysed for two representative conditions
at flue gas recirculation into CFB furnace and reference test under normal
operating conditions. The percentage contribution of the convection and
the radiation heat transfer components were estimated for upper region of
furnace chamber, above the secondary air injection, where membrane wall
surfaces and radiant superheaters are located.

2 Mechanistic heat transfer model

In order to explain the behavior of heat transfer inside CFB furnace and
improve fluidized bed design procedures, mechanistic heat transfer model
has been proposed. Besides, the correct scale-up of heat transfer surfaces it
is important to ensure proper operation, load turndown and optimization
of CFB combustors.

In the heat transfer model used the cluster renewal approach simulta-
neously predicts the hydrodynamics aspect. A major feature of gas-solids
flow structure in CFB combustors is a core-annulus flow pattern. The cross-
section of furnace chamber is divided into two regions: (i) a dilute core with
bed particles transported upwards with an occasional presence of clusters
are entrained by the fluidizing gas, (ii) a dense and smaller annulus region
or gas-solid boundary layer with clusters flowing down at active heat trans-
fer surface (membrane wall or superheater). Bed particles or clusters, after
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Figure 1: Single cluster formation and gas gap in the vicinity of active heat transfer
surface, Gsh is the lateral solid circulation flux in kg/(m2).

traveling a certain distance dissolve or detach themselves from the wall.
Then they are re-entrained into the core region and replaced by fresh parti-
cles that have the same temperature as the bed inventory. Based on these
considerations, the active heat transfer surface comes interchangeably in the
contact with clusters and the dispersed phase. In the current heat transfer
study, the correlation suggested by Wu et al. [19] for large-scale CFB units
was adopted for estimation of cluster characteristic travel length:

Lc = 0.0178ρ0.596b , (1)

where ρb is the suspension density in kg/m3. Time of contact between
clusters and the wall (residence time) tc depend upon bed hydrodynamic
conditions and it can be estimated in CFB combustors from equation given
by Noymer et al. [20]

tc =
Lc

0.75 (ρpgdp/ρg)
0.5 , (2)
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where g denotes gravitational acceleration in m/s2, dp is mean bed particle
size in m, ρp and ρg are particle density and gas density in kg/m3 respec-
tively.

The heat transfer between the surface and the fluidized bed includes
contributions of four mechanisms: (i) particle convection, (ii) gas convec-
tion, (iii) radiation from clusters, (iv) and also radiation from dispersed
phase. The contribution of these heat transfer mechanisms is considered as
disjoint heat transport towards the membrane wall and also the superheater
wall in CFB combustor. Thus, the overall heat transfer coefficient between
circulating fluidized bed and active heat transfer surface is written as

h = fhp + (1− f)hg + fhcr + (1− f)hrd , (3)

where hp denotes particle convection heat transfer coefficient, hg represents
gas convection heat transfer coefficient, hcr means radiation heat transfer
coefficient for clusters, and hrd is radiation heat transfer coefficient for dis-
persed phase. In Eq. (3), f denotes the fraction of the wall covered by
clusters and is calculated using expression given by Dutta and Basu [21]

f = 1− exp
[

−4300 (1− ε)1.39 (Dh/H)0.22
]

, (4)

where Dh is the hydraulic diameter in m, H represents the furnace height
in m and ǫ denotes cross-sectional of bed average voidage. This empirical
formula was received on the basis of experimental data from four CFB com-
bustors in large-scale with different equivalent diameter at different levels
above the secondary air injection.

A description of the individual heat transfer components is character-
ized below. The heat transfer by particle convection hp refers to the energy
transferred due to continuous particle motion between active heat trans-
fer surface and the core region. The particle convection component in the
heat transfer coefficient consists of conductive heat transfer into the clusters
and the thermal conduction across the thin gas layer. Thus, the particle
convection heat transfer coefficient is estimated using the following relation:

hp =

(

1

hc
+

1

hw

)−1

=

[

(

δgdp
kg

)

+

(

π

4

tc
kcρccc

)0.5
]−1

, (5)

where hc denotes time averaged cluster heat transfer coefficient in W/(m2K),
hw means heat transfer coefficient due to conduction through gas gap in the
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vicinity of the wall in W/(m2K), δg represents thickness of the gas layer
residing between the active heat transfer surface and the clusters in m, kg
and kc are thermal conductivity of the gas and thermal conductivity of clus-
ters in W/(mK), respectively. In Eq. (5), parameter ρc represents cluster
density in kg/m3, and cc means specific heat of the clusters in kJ/(kgK).
Formulas needed to estimate physical and thermal properties of clusters and
gas phase can be found in [22,23].

The gas convection heat transfer coefficient becomes significant in flu-
idized beds at large Archimedes number or low solid concentration. The
convection heat transfer from gas phase to the wall is given by the expres-
sion

hg =
kgcp
dpcg

(

ρd
ρp

)0.3( U2
t

gdp

)0.21

Pr , (6)

where Ut represents terminal velocity of the bed particles in m/s, ρd denotes
dispersed phase density in kg/m3, Pr is a Prandtl number, cp and cg are
specific heat of particle and specific heat of gas in kJ/(kgK), respectively.
Other denotations in Eq. (7) are explained in the Eq. (5). In above the
equation (7), terminal velocity is estimated from the following formula:

Ut =

(

4dpg (ρp − ρg)

3ρgCD

)0.5

, (7)

where CD represents the drag coefficient and it depends upon the flow
regime. In the present study in order to obtain the drag coefficient the
intermediate law is used within the particle Reynolds number range of 0.4 <
Rep < 500.

Assuming that the cluster free parts of the fast fluidized bed inventory
are not solids free, although, a small quantity of particles is dispersed in the
up-flowing gas, in this work dispersed phase density is calculated as

ρd = ρpY + ρg(1− Y ) , (8)

where Y means the volumetric concentration of bed inventory particles and
this parameter has a constant value of 0.001% as suggested by Basu and
Cheng [24].

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 [25]. The thermal radiation between the cluster and
the wall surface is estimated by considering the cluster and the wall as two
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parallel plates. Thus, the cluster radiation component of the bed-to-wall
heat transfer coefficient is estimated using the following equation:

hrc =
σ
(

T 2
c + T 2

w

)

(Tc + Tw)

(1/ec + 1/ew − 1)
, (9)

where Tc represents the temperature of cluster in K, Tw denotes the wall
temperature in K, σ is the Stefan-Bolzmann’s constant, ew is the emissivity
of the heat transfer surface which is the property of the surface. In the
current work, the wall emissivity ew is assumed to have a constant value
0.8 and the emissivity of the cluster ec is estimated from correlation given
by Grace [26]

ec = 0.5 (1 + ep) , (10)

which takes account of inert particle radiation. The particle emissivity of
0.7 is used in the current heat transfer study. The dispersed phase radiation
heat transfer coefficient from bed to wall is estimated using the following
equation [27]:

hrd =
σ
(

T 2
b + T 2

w

)

(Tb + Tw)

(1/ed + 1/ew − 1)
, (11)

where ed means the emissivity of dispersed phase, Tb denotes bed temper-
ature in K and other denotations are explained by Eq. (10). A correlation
utilized to this investigation for getting effective emissivity of a dispersed
phase was estimated based on the Brewster formula

ed =

[

ep
(1− ep)B

(

ep
(1− ep)B

+ 2

)]0.5

− ep
(1− ep)B

. (12)

using the two-flux method and referring to particle emissivity and back-
scatter fraction [28]. For isotropic scattering B = 0.5 is assumed in this
heat transfer study.

3 Performance tests and experimental conditions

Performance tests were needed to assessment of the effect of flue gas recir-
culation on heat transfer behavior in a large-scale supercritical CFB facility.
The performance tests (i.e., FGR test and reference test) were carried out
with a maximum-continuous-rating (MCR) load of 80% under stable oper-
ation conditions. Before each test, the operation conditions of supercritical
CFB combustor were stabilized for four hours. The performance tests were
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carried out during a two-day period with each test lasting eight hours. The
long time for each test was needed in order to establish the repeatability
of experimental results. The experimental conditions referred to this heat
transfer study and further for heat transfer characteristic inside furnace
chamber are shown in Tab. 1.

Table 1: Experimental conditions.

Parameter Unit FGR test Reference test

Superficial gas velocity, Ug m/s 4.27 3.89

Terminal velocity, Ut m/s 1.99 2.36

Minimum fluidization velocity, Umf m/s 0.01643 0.02364

Solid circulation flux, Gs kg/(m2s) 23.7 25.6

Particle Reynolds number, Rep – 7.57 7.92

Particle density, ρp kg/m3 2700 2700

Sauter mean particle diameter, dp mm 0.246 0.272

Bed pressure, pb kPa 7.7 7.7

Bed height, Hb m 4.87 5.26

Bed temperature, Tb K 1126 1160

Furnace temperature difference, ∆T K 40 144

Excess air ration, λ – 1.22 1.21

In the current research study, the performance tests on the supercritical
CFB combustor with the capacity of 966 [MWth] were conducted jointly by
Czestochowa University of Technology and Tauron Generation S.A., Lag-
isza Power Plant (Poland), including some measurements of the pressure
and the temperature within the combustion chamber. More information
about the CFB combustor can be found in the works [22,23,25,27,29], in
which particularly are presented construction data, cross-sectional area, ge-
ometry of membrane wall, arrangement of measuring points and also data
acquisition system.

In the transport zone of furnace chamber are located main heat trans-
fer surface in the form of membrane wall. Moreover, in the exit region of
combustion chamber radiant superheaters are located. The radiant super-
heaters SH II are constructed in the form of steam tubes panels. The tubes
have a 63.5 mm outside diameter with spacing of 65 mm. More detailed
information about the geometry characteristic are given in Tab. 2.
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Table 2: Panel structure for radiant superheaters SH II.

Parameter Symbol Unit Value

Tube external diameter Dt mm 63.5

Tube internal diameter dt mm 42.5

Tube wall thickness δt mm 10.5

Tube spacing st mm 65

Number of tubes nt mm 156

Superheater height HSH m 20

In the present study, a cold flue gas without dust was led to the furnace
chamber in the slope section through the start-up burners. Injection points
of a flue gas into the furnace chamber are located on both sidewalls (3+3pcs
at the left wall and right wall) and the rear/front wall (2+2pcs at front and
rear wall), respectively. Properties of that flue gas fed to furnace are listed
in Tab. 3.

Table 3: Characteristic parameters of flue gas in the present study.

Parameter O2 CO2 H2O N2 VFG nFG TFG ρFG

Unit vol.% vol.% vol.% vol.% mn
3/s % K kg/m3

Value 3.4 17.8 12.4 66.3 20.5 6.9 395 1.314

The recirculation rate, nFG, is defined as volumetric flow ratio between
the amounts of recirculated flue gas to distinction between a total flue gas
products and flue gas recycled back to the furnace chamber, as follows:

nFG =
VFG

Vtot − VFG
, (13)

where VFG denotes the amount of recirculated flue gas into CFB furnace
in m3

n/s and Vtot represents volumetric flow of the total flue gas products
in m3

n/s.
The dry flue gas compositions (O2, CO2, and H2O) were continuously

monitored. The main gas analysis system GasmetTM was located between
the flue gas cooler and the cooling tower. The gas analysis system consists
of the analytical instrumentation included a analyzer with ZrO2 sensor for
O2 measurements, Fourier transform infrared gas analyzer for CO2 and
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H2O measurements, sampling probe, heated sampling lines, condenser, two
stage particulate filtration and also external pump. Analyzers were zeroed
and spanned with standard mixtures at the beginning of each test and also
after each measurement session. The flue gas sample was drawn through the
probe and pump. A condenser removed any residual moisture and a filter
removed the solids particulate so that a constant supply of clean dry flue
gases was delivered to analyzers through a flexible and heatable manifold.
Reproducibility of the concentration of flue gas components was <2% of the
measuring range.

4 Results and discussion

Some process data used in this work are given in dimensionless scale and
normalized by the maximum value of furnace data by reason of confidential
commercial information for CFB combustors in large-scale. In the case of
Figs. 2, 3, 4 and 5, the lines represent approximation of the experimen-
tal data by means of cubic B-spline method using origin software for data
analysis [30]. To perform the heat transfer characteristic some process data
(i.e. furnace temperature, suspension density) of the coal-fired CFB com-
bustor were used. The bed-to-wall heat transfer coefficient and contribution
of heat transfer mechanisms inside furnace chamber were estimated using
cluster renewal approach for FGR test and reference test, respectively. The
impact of flue gas recirculation on heat flux recovery in a large-scale CFB
combustor is investigated.

Figure 2 illustrates vertical temperature profiles in the core region inside
CFB furnace at different heights above the air distributor. As expected, it
can be seen for the FGR test that there is a quasi-linear furnace temperature
profile in opposition to the reference test. Flue gas recirculation affected the
hydrodynamic conditions in the slope section of the furnace chamber. The
temperature discrepancy in the transport zone of CFB furnace between the
reference test and the FGR test was a result of shorter cluster residence time
on the active heat transfer surface and also higher cluster descent velocity
compared to the FGR test. Moreover, furnace temperature distributions
between FGR level and 24 m level above the air distributor are character-
ized by a similar curve shape both in the case of the FGR test and the
reference test. During all performance tests on 1295 t/h supercritical CFB
combustor reported in this work, bed temperature difference between air
distributor level and the top of furnace chamber varied between 40 K and
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Figure 2: Vertical temperature profiles inside furnace chamber of CFB combustor.

144 K, for FGR test and normal operating conditions without recycled flue
gases back to the furnace through star-up burners, respectively.

Figure 3 depicts the lateral temperature at the four nondimensional
height coordinates above the fluidization grid for two representative con-
ditions. When the CFB combustor was operated under normal operating
conditions (i.e. without recirculation of flue gas back to furnace), the high-
est bed temperature in the core region was recognized at non-dimensional
distance z/H of 0.5. The high bed temperature at the half CFB furnace
height is caused by predominant combustion process of fuel particles in this
part of furnace chamber. As it is shown, the bed temperature decreases
with increasing the furnace height and also bed temperature decreases from
the furnace axis to the active heat transfer surface in the transport zone
of bed inventory above the refractory line. At nondimensional height co-
ordinates z/H of 0.87, the lowest bed temperature in the core region was
recognized in all cases. Furnace temperature at different elevations above
the air distributor level had the same tendency, both at the FGR test and
in the case of the reference test. The obtained lateral temperature profiles
at different heights above the refractory line inside the furnace chamber
confirm a typical core-annulus flow structure in CFB combustors. Thus,
bed hydrodynamics behavior had significant impact on parabolic shape of
lateral temperature profiles. Thereby the obtained lateral temperature pro-
files are almost axis-symmetric. In the experiments, the lowest variation on
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Figure 3: Lateral temperature profiles inside furnace chamber of 1296 t/h supercritical
CFB combustor: a) reference test, b) FGR test.

bed temperature versus the lateral direction between the four sets of curves
is recognized at FGR test. This fact indicates lower suspension density at
FGR test than in the case of the reference test. Moreover, low variation on
bed temperature at FGR test arises from the most rapidly transport of bed
particles between annulus and core region. These conclusions are consistent
with the comments in relation to the Fig.4.

The variations of suspension density along furnace height are presented
in Fig. 4. The experimental data points of suspension density are drawn as
individual marks for each test. The average cross-section suspension density
was estimated using the following relationship:

ρb = 9.81−1 (Pi − Pi+1) (Hi +Hi+1) , (14)

where Hi and Hi+1 denote the measurement positions closest to the upper
and lower end of the wall, respectively, and Pi and Pi+1 are the correspond-
ing pressures. Solids acceleration and the effects of gas-wall and solid-wall
fraction were neglected in the Eq. (14). Transport zone defined in this study
was the part of the combustion chamber between 10 m and 48 m above air
distributor level. As shown in Fig. 4, the suspension density in the CFB
furnace varied between 1.93 kg/m3 at the z/H = 0.87 and 1200 kg/m3 at
fluidization grid during all performance tests. The high suspension density
at the bottom zone is due to the effect of feeding materials (i.e., fuel, sor-
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bent, circulating material) in that region of the furnace chamber. There is
a difference in the axial profile of solid suspension density between the FGR
test and the reference test, when the relative height is in the range of 0.05
to 0.25. Suspension density profile above the refractory line in the upper
region of CFB furnace (i.e., transport zone at z/H > 0.25), both the FGR
test and the reference test, are kept unchanged.
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Figure 4: Solid suspension density profiles inside furnace chamber of 1296 t/h supercrit-
ical CFB combustor.

This discrepancy can be explained by the dominant effect of fluidizing gas
density to accelerate in this region, where the difference between bed ma-
terial and gas velocities is high. This situation was caused by the fact that
different hydrodynamic conditions occurred in this region of the combustion
chamber during all performance tests. On the other hand, the suspension
density profiles confirmed that solids transport occurs without a splash zone
as the boundary between a dense bed and dilute phase with low bed particle
concentration. Besides, suspension density varied with the bed particle size
and solid circulation flux. Thus, it indicates that operating conditions of
CFB combustor had an essential impact on axial suspension density profile.
That dependence was also confirmed by other authors [31–34].

Figure 5 shows the variation of bed-to-wall heat transfer coefficient at
different tests and furnace heights. The overall heat transfer coefficient on
the active heat transfer surfaces decreases gradually with distance from the
refractory line during all performance tests. The obtained value of heat
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transfer coefficient were in the range from 110 to 241 W/(m2K). The vari-
ation of the heat transfer coefficient is relatively smaller for the reference
test rather than under flue gas recirculation conditions. The reason for this
situation is due to the dominant effect of radiative heat transfer on the wall
and the furnace temperature during the reference test. The coefficient h
in W/(m2K), approached maximum and minimum values, when the CFB
unit was operated at flue gas recirculation into the combustion chamber. In
this work, overall heat transfer coefficient data show almost a linear decline.
The maximum decline in heat transfer is indicated in the data at FGR test,
namely, from 241 W/(m2K) to 109 W/(m2K). The behavior of bed-to-wall
heat transfer coefficient arises from local fractions of the walls covered by
clusters. At z/H = 0.25, water membrane wall is covered by more clusters
(about f = 49%) than in the exit region at z/H = 0.87 where active heat
transfer surface (i.e., membrane wall and superheater SH II) are covered
only a few clusters (f = 11%). Moreover, horizontal transport of bed par-
ticles between the core and annulus region can enhance the heat transfer
process. This parameter depends upon the gas-solid motion in the vicinity
of the heat transfer surfaces.
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Figure 5: Bed-to-wall heat transfer coefficient versus relative height of furnace chamber.

During performance tests, the highest bed-to-wall heat transfer coefficient
241 W/(m2K) approaches when CFB combustor was operated at recycled
flue gas back to the furnace. The reason for this fact is due to high car-
bon dioxide concentration in comparison with the reference test. At the
exit region of combustion chamber, the bed-to-wall heat transfer coefficient
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reaches a minimum value of 109 W/(m2K) and 117 W/(m2K), for FGR test
and reference test, respectively. As can be seen in Fig. 5, heat transfer data
depends on operating conditions of CFB combustor (the interplay of the
superficial gas velocity, temperature furnace and bed particle size).

Figure 6 represents the contribution of heat transfer components varia-
tion with the furnace height of supercritical CFB combustor. The variation
of particle and gas convection is plotted by a black straight line and a dashed
black line, respectively. Besides, the radiation heat transfer components in
the overall heat transfer coefficient are shown in Fig. 6, as a grey line type
of dash dot dot pattern for the cluster phase and a grey dotted line for the
dispersed phase. The contributions of particle convection, hp/h, gas con-
vection, hg/h, radiation from the cluster phase, hrc/h, and radiation from
the dispersed phase, hrd/h, in the bed-to-wall heat transfer coefficient are
generated based on the experimental conditions (Tab. 1) reported in the
previous Section 3.

During all tests, the average contribution of convection and radiation
heat transfer components varied between 15%–52% and 48%–85%, respec-
tively. In the current heat transfer study, the gas convection contribution
was not significant in the bed-to-wall heat transfer as demonstrated by
Fig. 6. During all performance tests, the contributions of gas convection,
hg/h, varied between 0.04% and 0.05% and can be negligible. This is due
to fact that near the active heat transfer surfaces, the cluster and bed par-
ticles concentrations are so high. The same trend was also observed in [35].
Under normal operating conditions of CFB combustor (i.e., without flue
gas recirculation into furnace), radiation components predominate and the
contribution of particle convection being minimum in a transport zone of
the furnace chamber. This is due to the fact that near the active heat
transfer surfaces, both the particle and the cluster concentration decrease
with an increase in the furnace height. However, for the FGR test the
convection component in heat transfer to the wall prevails until to 19 m
(i.e., z/H = 0.4) distance above the air distributor. At the FGR test, the
contribution of particle heat transfer coefficient for membrane wall varied
between 60% at z/H = 0.25 and 15% at z/H = 0.87. This is caused by a
longer cluster residence time and also by higher fraction of the wall covered
by clusters compared with the reference test. This work confirms the strong
dependency of bed-to-wall heat transfer coefficient on nondimensional dis-
tance from the fluidization grid and thereby on suspension density. There
is the same tendency in contributions of heat transfer mechanisms between
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Figure 6: Contribution of components in overall heat transfer coefficient along furnace
height: a) membrane wall, b) superheater SH II.
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Figure 7: Comparison of relative heat flux between the FGR test and the reference test.

FGR test and reference test for superheater SH II. This can be explained by
the fact that there is not significant difference in suspension density values
in the exit region of furnace chamber between two representative conditions.
A similar trend of the heat transfer components variation along the furnace
height was observed by Basu [36] at 70% load condition.

In the present study, heat flux recovery along the furnace height is com-
pared between FGR test and the reference test. The heat flus recovery was
calculated using the following empirical correlation:

qi = hi (Tb − Tw) , i ≡ FGR, refer , (15)

where q denotes heat flux recovery in W/m2, h means overall heat transfer
coefficient in W/(m2K), Tb represents bed temperature in K and Tw is wall
temperature of active heat transfer surface in K. The subscripts FGR and
refer signify the value for the flue gas recirculation test and the value for
normal operating conditions of CFB combustor, respectively.

Figure 7 compares relative heat flux recovery along the furnace height
between the FGR test and the reference test, for the membrane wall and
the superheater SH II, respectively. All experimental data points shown
in Fig. 7 are referred to the value of the heat flux recovery from the core
region towards active heat transfer surfaces equal to 50 kW/m2. In this
work, the presentation form of the obtained values of heat flux recovery is
due to commercial reason. The relative heat flux recovery increases with
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an increase in CO2 volumetric concentration due to increased nonluminous
radiation from carbon dioxide inside CFB furnace. Moreover, the increase
in gas emissivity is due to rising of the partial pressure of CO2. Therefore,
the heat flux obtained for FGR test directly above the refractory line was
higher about 19% than the value of the heat flux at the reference test.
The above result confirms also the effect of combustion products on heat
transfer. On the other hand, the heat flux recovery by membrane-wall and
superheater SH II in the transport zone of furnace chamber at the FGR test
was lower by about 13% than in the case of the reference test.

5 Summary

In a large-scale supercritical circulating fluidized bed combustor, the effect
of flue gas recirculation on heat transfer behavior was investigated. Ex-
perimental data points indicate that the recycled flue gas back to furnace
chamber through star-up burners affected curve shape of bed temperature.
Registered furnace temperature was in the range of typical temperature for
CFB boilers. During all tests, the vertical temperature profile had nonlinear
character. The lowest temperature difference within combustion chamber
was observed at FGR test (∆T = 40 K). Thanks to the flue gas recirculation
into combustion chamber almost equalized horizontal furnace temperature
profiles were achieved. The axial suspension density distributions show
the L-shape profile along the furnace height. The shape of suspension den-
sity profile reported in Fig. 4 resulted from the ratio of secondary to primary
air, SA/PA. Below the secondary air injection levels, there is an exponential
decay of the suspension density. On the other hand, the suspension density
profile confirmed that above the secondary air injection levels bed inventory
transport occurs without a splash zone as the boundary between dense bed
and dilute phase. The bed-to-wall heat transfer between the active heat
transfer surface and the bed includes contributions from particle and gas
convection, gas conduction as well as radiation. The estimation of heat
transfer characteristics was carried out on the basis of the cluster renewal
approach and the experimental data from CFB combustor in a large-scale.
The calculated overall heat transfer coefficient decreases with the relative
furnace height. The highest variation of the bed-to-wall heat transfer co-
efficient 132 W/(m2K) approaches when CFB combustor was operated at
FGR test. In the current heat transfer study, the bed-to-wall heat transfer
coefficient was in the range of 109–241W/(m2K) in the 1296 t/h supercrit-
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ical CFB combustor. The overall heat transfer coefficient depended upon
hydrodynamic conditions and the flue gas recirculation rate. The obtained
results indicate that the suspension density, the furnace temperature and
the volumetric concentration of CO2 affected the heat transfer coefficient
and also the contribution of components in heat transfer mechanism to
the walls of heat exchangers. When the supercritical CFB combustor was
operated with recycled flue gases back to the furnace, the convection is im-
portant mode of bed-to-wall heat transfer coefficient at the nondimensional
height coordinate in the range of 0.25–0.4. Moreover, the flue gas recircu-
lation affected shape of profile for particle convection. In all tests, the gas
convection contribution to the bed-to-wall heat transfer coefficient is very
low (hg/h < 0.05%). The contribution of particle convection to the heat
transfer mechanism along the furnace height was ranged from 15% to 60%
during FGR test. The dispersed phase radiation component in the bed-to-
wall heat transfer coefficient is dominant above nondimensional distance of
0.4 and 0.65, for the FGR test and the normal operating conditions with-
out recycle flue gas back to the furnace, respectively. This is due to low
suspension density (ρb < 2.2 kg/m3). The variation of the cluster radia-
tion component in the bed-to-wall heat transfer coefficient along the furnace
height not depended upon the flue gas recirculation. In this work, the av-
erage contribution of radiative heat transfer components covering in range
of 48%–85%. The experimental results suggest that heat flux is substan-
tially increased with increasing the CO2 concentration within combustion
chamber. The effect of flue gas recirculation on the heat flux recovery had
significant impact, especially in the case of half CFB furnace height. This
is due to the impact of combustion process products. At nondimensional
distance z/H of 0.5, the heat flux at FGR test was about 19% higher than
in the case of the reference test for the same furnace height coordinate.
In the case of flue gas recirculation test, the heat flux recovery from the
core region to the walls of heat exchangers was about 13% lower than the
obtained values of heat flux at relative furnace height in the range of 0.65–
0.87 for reference conditions. The information about heat transfer data in a
large-scale CFB combustor allow the development of better correlation for
design and scale-up heat transfer surfaces in contact with the fluidized bed.
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