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With the development of the circulating fluidized bed (CFB) combustion technology, the cross-sectional area of the boiler

furnace increases gradually, making the lateral non-uniform distribution in the furnace more prominent. To investigate

the flow field inhomogeneity in the furnace, a two-dimensional mass balance model was established in this work, and the

lateral solid concentration deviation was adopted to evaluate the degree of the flow field inhomogeneity. Afterwards, the

effect of four factors on the lateral non-uniform distribution was examined. It turned out that the lateral profile of the

primary air flow rate had a much greater influence than that of the coal feeding rate.
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1 Introduction

Prof. Joachim Werther has made great achievements in the
field of gas-solid flow during his academic career and pub-
lished over two hundred papers up to now. In 1972 he recei-
ved his doctoral degree from Erlangen University, and in
1976 he completed his habilitation at the same university.
Shortly afterwards, he joined BASF AG in Ludwigshafen,
where he published his first journal paper in Chemie
Ingenieur Technik. In 1980 he was appointed Professor at
Hamburg University of Technology where he headed the
Institute of Solids Process Engineering and Particle Tech-
nology until his retirement in 2008.

Looking back Prof. Werther’s academic career, it can be
found that his research interests include measuring
techniques for multiphase (mainly gas-solid) flow systems
[1–8], fluidized bed combustion characteristics of sewage
sludge and coal [9–17], particle attrition in fluidized-bed
systems [18–27], gas and solid mixing behavior in fluidized-
bed reactors [28–37], modeling of industrial/large-scale flu-
idized-bed reactors [38–44], flowsheet simulation of solids
processes [45–51], and more recently, chemical looping
processes [52–58]. From all his research work, it can be seen
that Prof. Werther always pays attention to the scaling effect
(non-uniform/maldistribution) in fluidized bed reactors.
Early in 1977, he published a paper named Problems of
scaling-up fluidized-beds to make discussions on this issue
[59], and later he continued to dig into this field by carrying
out comprehensive research on the gas and solid mixing
characteristics in fluidized-bed reactors [28–37]. With the

knowledge obtained, Prof. Werther successfully quantified
the mixing of the gas and solid phase with the introduction
of dispersion coefficients, and established models of indust-
rial/large-scale circulating fluidized bed (CFB) boilers/com-
bustors capable of describing the uneven reactants distribu-
tion [38–44], reminding us to focus more on the non-
uniform distribution in CFB boilers.

Nowadays, with the further increase of the capacity of
CFB boilers, the cross-sectional area of the furnace increases
accordingly, resulting in more severe maldistribution in the
lateral direction of the furnace, and thus great importance
should again be attached to this topic. Considering that the
hydrodynamic characteristics such as the solid concentra-
tion profile determine the distribution of the combustion
fraction, heat flux and temperature and thus have a pro-
found impact on the combustion and heat transfer process-
es [60, 61]. To develop a deeper understanding of the mal-
distribution phenomenon in the furnace and maintain the
safe, stable and high-efficiency operation of CFB boilers, the
lateral non-uniform distribution of flow parameters should
be investigated first.
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Commonly speaking, the research methods to study the
gas-solid flow behaviour can be divided into two catego-
ries: experimenting and modeling. Given the complexity
and total cost of carrying out a series of field tests in
industrial CFB boilers, the modeling approach was favored
in this work. Based on the dynamics of the gas-solid flow,
the numerical models of CFB boilers can be distinguished
into two kinds: computational fluid dynamics (CFD)
model and fluidization model (also known as semi-empiri-
cal model) [62]. By solving the mass, momentum, and
energy conservation equations for gas and solid phases,
CFD models can offer a detailed description of the three-
dimensional flow field in CFB boilers. On the contrary, by
introducing semi-empirical submodels (derived from
abundant experiments or field test data), fluidization
models can directly determine some important flow
parameters, such as the axial profile of the solid concentra-
tion and the solid mass flow rate. Therefore, compared
with CFD models, fluidization models are generally more
computationally efficient and can also give a high-accuracy
prediction of the basic feature of the gas-solid flow in CFB
boilers [63], which makes fluidization models well suited
for the investigation of the gas-solid flow behavior in
industrial CFB boilers. Furthermore, with respect to the
dimension of spatial discretization, fluidization models can
be classified into zero-dimensional (0D), one-dimensional
(1D), core-annular (1.5D) and two-dimensional (2D) [64].
Considering that the focus of this work was on the lateral
non-uniform distribution in the CFB furnace, the two-
dimensional fluidization model was adopted.

In this work, based on the 1D model developed by Yang
[63], an 2D mass balance model of
industrial CFB boilers was establis-
hed to probe the lateral non-uniform
distribution of solid particles in the
furnace. The field test data obtained
in a 300-MW single-furnace CFB
boiler were used to determine the key
input parameters of the model. After-
wards, by introducing the concept of
lateral solid concentration deviation,
the effect of the lateral profile of the
coal feeding rate, primary air flow
rate and cyclone efficiency as well as
the value of the lateral dispersion
coefficient on the lateral non-uni-
form distribution was analyzed and
compared.

2 Model Description

The two-dimensional mass balance
model established in this work con-
sists of a furnace and a cyclone. The
desulfurization, combustion, and

heat transfer process are not taken into account, and it is as-
sumed that the feeding materials are ash particles formed
through the drying, pyrolysis, and combustion process.
Given that the discrepancy between the prediction results
under the above simulated conditions and the actual values
is mainly due to the inaccurate description of the tempera-
ture distribution in the CFB furnace, the prediction results
at full load would be affected only to a limited extent as
under the given circumstances a uniform distribution of the
furnace temperature can be assumed, and the same value
can be used for the temperatures at different heights.

Since only the lateral non-uniform distribution at full
load is explored in this work, ignoring the influence of such
processes on the solid concentration in the furnace can be
justified. Besides, the effects of the ash formation characte-
ristics, solid attrition and particle segregation are all inclu-
ded in the proposed 2D model, and more details can be
found in the previous study [63].

To investigate the non-uniform distribution in the lateral
direction, the CFB furnace was discretized in both the verti-
cal and lateral direction, with N cells along the vertical
direction and M cells (depends on the number of cyclones)
along the lateral (width) direction, as demonstrated in
Fig. 1. Considering the wide size distribution of bed materi-
als, solid particles were divided into Nk different particle
groups according to the diameter and Nl age groups based
on the residence time.

For each cell (i, j), the mass balance of solid particles in
size group k and age group l was established (shown in
Fig. 2) and incorporated in a FORTRAN program, and is
described as follows:
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Figure 1. Cell structure of the 2D mass balance model. a) Spatial discretization in the lateral
direction; b) spatial discretization in the vertical direction.
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Wi;j
fa;k;l þWi;j

ra;k;l �Wi;j
da;k;l þWi�1;j

up;k;l �Wi;j
up;k;l �Wi;j

down;k;l

þWiþ1;j
down;k;l þWi;j

left;k;l �Wi;j
right;k;l þ _mshift;k;l þ _ml�1 fi l � _ml fi lþ1 ¼ 0

(1)

where W denotes the solid mass rate, while subscripts fa,
ra, da, up, down, left and right represent feeding ash, recir-
culating ash, drainage of bottom ash, upwards solid, down-
wards solid, leftwards solid and rightwards solid. _mshift;k;l is
the solid mass rate caused by particle attrition, and _ml�1 fi l

( _ml fi lþ1) represent the age decline of solid particles.
According to previous studies [65, 66], although the

mechanism of lateral dispersion in the dense bed is different
to that in the dilute zone, the values of the lateral dispersion
coefficient in these two regions are similar, which varies
from 0.001 to 0.01 m2s–1. Therefore, for the sake of conve-
nience, the dispersion coefficients in dense phase and dilute
zone (Dsr and Dgr) were set to be identical in this model and
were assumed to be in the range of 0.001–0.004 m2s–1,
which is well within the range of the measurement and pre-
diction results reported in previous literature [67–72]. In
light of this, the solid mass flux between lateral cells can be
determined as:

Wi;j
L Rð Þ;k;l ¼ Dsr grð Þ

¶Ci;j
k;l

¶x
Ai

sec (2)

where C represent the solid concentration, and Asec is the
section area between lateral cells.

3 Numerical Setup

A 300-MW subcritical CFB boiler was chosen as the simula-
tion object in this work, which consists a furnace with di-
mensions 31.9 m ·9.6 m ·47.6 m (height) and three thermal
insulated cyclones. Therefore, in the aforementioned model,
3 cells were divided in the lateral direction, and were named
as A, B and C, which corresponds to the cell on the left, in
the middle and on the right, as illustrated in Fig. 3.

The effect of four influential factors, namely the lateral
profile of the coal feeding rate, primary air flow rate and
cyclone efficiency as well as the value of the lateral disper-
sion coefficient, on the lateral non-uniform distribution was

investigated in this work, which produced a total of 15 cal-
culation cases. Based on the field test data at full load, the
key input parameters for different calculation cases were set
and listed in Tab. 1. For the convenience of narration, all
the values in the column of the coal feeding rate and pri-
mary air flow rate were normalized, and the unit value here
stands for 20.50 kg s–1 and 43.49 Nm3s–1, respectively. Besi-
des, the d99 of the three cyclones were all set as 120 mm,
while the d50 of the cyclone in cell B was varied from 27 to
41 mm to examine the influence of cyclone efficiency.

4 Results and Discussion

4.1 Calculation Results

With the established 2D mass balance model, the vertical
profile of the solid concentration in the furnace as well as
the mass flow rate and mass averaged particle size of the fly
ash, bottom ash and circulating ash under different calcula-
tion cases were predicted, as demonstrated in Fig. 4 and
Tab. 2. From Fig. 4a, it turns out that in case 1, the solid
concentration in the three cells is almost the same at all
axial elevations, proving that solid particles are evenly dis-
tributed when the input parameters are identical. However,
once the coal feeding rate (case 4), primary air flow rate
(case 7) or cyclone efficiency (case 11) deviates from the
average value, the inhomogeneous distribution of particles
in the lateral direction becomes obvious.

To better compare the prediction results of different cal-
culation cases and quantitatively evaluate the degree of the
flow field inhomogeneity in the lateral direction, the mean
square error of the solid concentration in the cells at the
same axial elevation sC(i) and the height-averaged mean
square error of the solid concentration sC were adopted as
the indicators, as expressed in Eq. (3) and (4).

sC ið Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
j

Cj ið Þ � C ið Þ
� �2

" #
= M � 1ð Þ

vuut (3)
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Figure 2. Mass balance of solid particles in each cell.
Figure 3. Division of cells in the
lateral direction.
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where Cj(i) is the solid concentration in cell (i, j), while C ið Þ
is the cross-sectional averaged solid concentration at the
height of cell (i, j = 1 – M).

sC ¼
1
H

Z H

0
sC ið Þdhi (4)

where H is the height of the furnace, and hi is the height of
cell (i, j = 1 – M).

Chem. Ing. Tech. 2023, 95, No. 1–2, 114–121 ª 2022 Wiley-VCH GmbH www.cit-journal.com

Table 1. Key input parameters for different calculation cases. Coal feeding rate and primary air flow rate were normalized, with the
unit value 20.50 kg s–1 and 43.49 Nm3s–1, respectively.

Case Dsr(gr) [m2s–1]a) Coal feeding rate Wfa Primary air flow rate Qpr d50 [mm]

A B C A B C A B C

1 0.001 1 1 1 1 1 1 34 34 34

2 0.001 0.95 1.1 0.95 1 1 1 34 34 34

3 0.9 1.2 0.9

4 0.85 1.3 0.85

5 0.001 1 1 1 0.95 1.1 0.95 34 34 34

6 0.9 1.2 0.9

7 0.85 1.3 0.85

8 0.001 1 1 1 1 1 1 34 41 34

9 34 37 34

10 34 31 34

11 34 27 34

12 0.000 0.9 1.2 0.9 1 1 1 34 34 34

13 0.002

14 0.003

15 0.004

a) Due to the limitation of the adopted equation solution method, Dsr(gr) has to be lower than 0.005 m2s–1, otherwise the FORTRAN pro-
gram will crash. Therefore, in this work, only the cases with Dsr(gr) = 0.001–0.004 m2s–1 are presented.

(a) (b) (c) (d)

Figure 4. Vertical profile of the solid concentration in the furnace under different cases. a) Case 1, b) case 4, c) case 7, d) case 11.

Research Article 117
Chemie
Ingenieur
Technik

 15222640, 2023, 1-2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200078 by Z

hejiang U
niversity, W

iley O
nline L

ibrary on [12/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4.2 Effect of the Lateral Profile of the Coal Feeding
Rate

As shown in Fig. 4b, when the coal feeding rate in the mid-
dle cell is higher (case 4), inside the dense bed, the solid
concentration in that cell is slightly lower than that in its
neighboring cells, while the situation is the opposite inside
the dilute zone. This can be attributed to the decrease in the
average particle size of the bottom ash and circulating ash,
as demonstrated in Tab. 2. At a fixed air flow rate, more
particles will be entrained to the dilute zone when particles
become smaller, and the fly ash and circulating ash mass
flow rate will be higher as well. Besides, as presented in
Fig. 5, with the further increase in the coal feeding rate in
the middle cell (case 2 to case 4), the solid concentration
deviation between the lateral cells increases, indicating that
the lateral distribution of solid particles turns more uneven.

4.3 Effect of the Lateral Profile of the Primary Air
Flow Rate

Similar to the situation of varying the coal feeding rate,
when the primary air flow rate in the middle cell turns
higher (case 7), since more particles are entrained into the
dilute zone, the solid concentration in the that cell is lower
in the dense bed and higher in the dilute zone. However, as

demonstrated in Fig. 4c, the reduction in the solid concent-
ration in the dense bed becomes more obvious. Besides, at a
fixed coal feeding rate, with more primary air in the middle
cell, the fly ash and circulating ash mass flow rate will
increase, leading to the decrease of the drainage rate of the
bottom ash, which results in the increase of the average
particle size of the bottom ash and circulating ash. Further-
more, with the further increase in the primary air flow rate

www.cit-journal.com ª 2022 Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 114–121

Table 2. Prediction results for different calculation cases.

Case Mass flow rate [kg s–1] Mass averaged particle size [mm]

Fly ash Bottom asha) Circulating ash Fly ash Bottom asha) Circulating ash

A (C) B A (C) B A (C) B A (C) B A (C) B A (C) B

1 1.52 1.52 0.83 0.83 355.57 355.57 42.77 42.77 387.13 387.13 161.08 161.08

2 1.46 1.64 0.77 0.94 349.97 366.27 42.79 42.71 390.60 380.68 161.51 160.29

3 1.40 1.75 0.71 1.06 344.19 376.32 42.81 42.63 394.22 374.79 161.98 159.57

4 1.34 1.87 0.65 1.18 338.29 385.69 42.82 42.55 397.99 369.44 162.49 158.91

5 1.51 1.54 0.84 0.80 350.85 364.63 42.87 42.54 379.15 402.83 160.72 162.01

6 1.50 1.56 0.86 0.77 345.12 371.71 42.93 42.30 371.55 419.28 160.40 162.99

7 1.49 1.62 0.88 0.69 340.89 551.37 43.00 42.59 362.72 465.97 160.16 174.64

8 1.51 1.72 0.82 0.65 349.33 230.61 42.63 46.92 391.07 481.47 160.93 178.13

9 1.52 1.62 0.83 0.73 352.45 290.82 42.71 44.98 389.12 430.93 160.97 169.22

10 1.53 1.40 0.83 0.93 358.68 435.56 42.85 40.25 385.06 343.06 161.21 152.59

11 1.53 1.27 0.83 1.06 361.54 525.38 42.96 37.31 383.15 302.62 161.38 144.81

12 1.40 1.76 0.71 1.06 342.99 378.62 42.77 42.69 394.98 373.46 162.01 159.58

13 1.40 1.75 0.71 1.06 345.17 374.46 42.85 42.58 393.60 375.87 161.96 159.57

14 1.41 1.75 0.71 1.06 345.99 372.92 42.88 42.55 393.08 376.78 161.94 159.58

15 1.41 1.74 0.71 1.06 346.63 371.49 42.90 42.51 392.54 377.63 161.91 159.58

a) Here, bottom ash means the particles drained out of the furnace bottom.

Figure 5. Variation of the lateral solid concentration deviation
with the coal feeding rate in the middle cell.
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in the middle cell (case 5 to case 7), the solid concentration
deviation between the lateral cells increases as well, but at a
much higher rate compared to the situation of varying the
coal feeding rate, as shown in Fig. 6. In other words, the
lateral profile of the primary air flow rate has a much grea-
ter influence on the flow field inhomogeneity in the width
direction compared to that of the coal feeding rate. On the
other hand, considering that the uniform air distributing is
difficult to achieve in industrial CFB boilers, the uneven air
distributing may be the main cause of the lateral non-uni-
form distribution in the furnace.

4.4 Effect of the Lateral Profile of the Cyclone
Efficiency

As demonstrated in Fig. 4d, the increase in the separation
efficiency of the middle cyclone (case 11) will bring about
the decrease in the solid concentration inside the dense bed
and the increase of the same parameter inside the dilute
zone as well but through a different mechanism. At a fixed
coal feeding and primary air flow rate, the mass flow rate
and average particle size of the fly ash will decrease with the
increase of the cyclone efficiency, leading to the increase of
the drainage rate of the bottom ash, which causes the circu-
lating ash to become smaller. Since smaller particles are
easier to be entrained, the solid concentration in the dilu-
te zone and the circulating ash mass flow rate both
increases. Moreover, as presented in Fig. 7, the positive or
negative variation of the separation efficiency of the
middle cyclone will both bring about the non-uniform
lateral profile of the solid concentration (case 8–11), and
it seems that decreasing the separation efficiency has a
more pronounced effect.

4.5 Effect of the Value of the Dispersion Coefficient

Fig. 8 and Tab. 2 demonstrate the variation of the lateral sol-
id concentration deviation and the mass flow rate as well as
the average particle size of the ash particles with the lateral
dispersion coefficient. It can be concluded that with the
increase of the lateral dispersion coefficient, the difference
between the flow parameters in the middle cell and its
neighboring cells decrease, meaning that stronger lateral
dispersion will reduce the degree of the flow field inhomo-
geneity in the width direction.

5 Conclusions

The non-uniform lateral distribution in a 300-MW subcriti-
cal CFB boiler was investigated with a two-dimensional
mass balance model capable of predicting the vertical and

Chem. Ing. Tech. 2023, 95, No. 1–2, 114–121 ª 2022 Wiley-VCH GmbH www.cit-journal.com

Figure 6. Variation of the lateral solid concentration deviation
with the primary air flow rate in the middle cell.

Figure 7. Variation of the lateral solid concentration deviation
with the cyclone efficiency in the middle cell.

Figure 8. Variation of the lateral solid concentration deviation
with the lateral dispersion coefficient.
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lateral profile of the solid concentration as well as the ash
mass flow rate and particle size. By specifying different
non-uniform boundary conditions, the effect of four influ-
ential factors, namely the lateral profile of the coal feeding
rate, primary air flow rate and cyclone efficiency as well as
the value of the lateral dispersion coefficient, on the lateral
non-uniform distribution was elucidated.

The results showed that the non-uniform lateral profile
of these parameters affected the flow field inhomogeneity in
the width direction, but through different mechanisms, and
stronger lateral dispersion would reduce the degree of the
flow field inhomogeneity. Besides, within the range of the
operating conditions studied in this work, the uneven pri-
mary air distributing had a greater influence on the lateral
non-uniform distribution in large-scale CFB boilers compa-
red to the uneven coal feeding.

This work was financially supported by the National Key
Research Plan (2019YFE0102100) and the C9 University
Science and Technology Project (201903D421009).

Symbols used

Asec [m2] Section area between lateral cells
C [kg m–3] Solid concentration
d50/d99 [mm] Particle cut size/critical size for

cyclone
Dgr [m2s–1] Dispersion coefficient in the dense

bed
Dsr [m2s–1] Dispersion coefficient in the dilute

zone
H [m] Height of the CFB furnace
hi [m] Height of cell (i, j = 1 – M)
M [–] Number of cells in the vertical

direction
_ml�1 fi l [kg s–1] Solid mass rate from age group

l – 1 to l
_ml fi lþ1 [kg s–1] Solid mass rate from age group

l to l + 1
_mshift;k;l [kg s–1] Solid mass rate caused by particle

attrition
N [–] Number of cells in the lateral

direction
Nk [–] Number of particle size groups
Nl [–] Number of particle age groups
Qpr [Nm3s–1] Primary air flow rate
W [kg s–1] Solid mass rate
x [m] Lateral distance

Greek letters

sC [kg m–3] Height-averaged solid concentration
deviation

sC(i) [kg m–3] Solid concentration deviation at the
height of cell (i, j = 1 – M)

Sub- and Superscripts

da Drainage of bottom ash
down Downwards solid
fa Feeding ash
i Cell number in the vertical direction
j Cell number in the lateral direction
k Particle size group number
l Particle age group number
left Leftwards solid
ra Recirculating ash
right Rightwards solid
up Upwards solid
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