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INTRODUCTION

Circulating Fluidized Bed (CFB) boilers have 
several advantages that can be considered from 
two points of view: environmental and process. 
These devices are capable of burning a diverse 
range of difficult low-grade fuels of varying qual-
ity with low emissions of nitrogen oxides, CO, 
and CxHy as well as low-cost sulfur capture dur-
ing combustion in the furnace itself. An additional 
advantage of CFB boilers is the possibility of us-
ing relatively simple solutions to reduce the emis-
sion of nitrogen oxides. In this case, the key role 
is played by the low combustion temperature (ap-
prox. 850°C) and the staging of the air supplied 
to the combustion chamber. From the process 
point of view, the main advantages of fluidized 
bed boilers are among others: high bed-to-surface 
heat transfer coefficients (100–400 W/m2K), the 
possibility of multi-fuel firing, stable operation 
conditions and good turn-down ratio, and no need 
for fuel preparation.

Due to the specifically organized combustion 
process, a special role in fluidized bed boilers is 
played by the air supply and distribution system, 
the integral part of which is a primary air wind-
box. This device is built in the form of a chamber 
installed directly below the air distributor. Due to 
the significant volume, in some boiler configura-
tions, the windbox is splitted into smaller com-
partments that are supplied with independent air 
streams. When the ratio of the pressure drop across 
the loose material bed to the pressure drop across 
the air distributor is sufficiently large, the shape 
of the plenum chamber does not play a significant 
role in the formation of flow conditions in the fur-
nace [1, 2]. In practice, a large number of CFB 
boilers in operation today operate at a low value 
of this ratio. In such cases, the flow conditions in 
the combustion chamber result not only from the 
design of the air distributor itself but also from 
the construction of the plenum chamber cooper-
ating with it. Modeling the airflow in the com-
bustion chamber of a boiler, therefore, involves 
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a complex analysis of the flow conditions in the 
boiler windbox on the one hand and the operating 
conditions of the air grid on the other. Concerning 
the windbox, the optimization task is to search for 
a design that will ensure uniform air pressure dis-
tribution under the grid of the furnace.

Tasks for the primary air plenum chamber

The main task for the primary air wind-
boxes of CFB boilers is to ensure a uniform air 
velocity distribution under the air distributor at 
a sufficiently high static pressure value [3]. The 
fulfillment of this task is of particular impor-
tance due to:
• the need to achieve homogeneous fluidization 

and the resulting homogeneous oxygen con-
centration in the cross-section of the boiler 
combustion chamber [4],

• the necessity to obtain good mixing and heat 
transfer, which results in a uniform tempera-
ture distribution along with the height of the 
combustion chamber, reduction of pollutant 
emissions, as well as the possibility of sinter 
formation,

• reduction of the backflow of the loose material 
into the windbox volume caused by the hori-
zontal pressure gradient, which occurs in the 
case of low-pressure drop grids under condi-
tions of non-uniform air velocity field under 
the air distributor [5],

• limitation of the backflow of the loose mate-
rial into the plenum chamber volume caused 
by the inverted vertical pressure gradient, 
which arises in the case of grids with a low-
pressure drop under conditions of variable 
boiler load [4, 5].

The windbox is inextricably coupled with the 
air distributor of the fluidized bed boiler. Careless 
design of both devices can significantly affect the 
fluidization quality, combustion efficiency and 
cause many operational problems. Therefore, re-
search on windboxes of fluidized bed boilers is 
carried out in a two-pronged approach and in-
cludes analysis of pressure fluctuations of the gas 
filling the plenum volume and the flow conditions 
within them.

The interest in studying pressure fluctuations 
stems from the existence of a strong correlation 
between changes of this parameter in the fluid-
ized bed and the windbox, especially in boilers 
equipped with a low resistance air distributor 

[6]. Under conditions of well-developed bub-
bling fluidization, alternate compression and ex-
pansion of gas occur in the plenum [7], and the 
frequency of this phenomenon, called the natural 
frequency of the windbox, is lower the larger the 
volume of the windbox is [8]. As demonstrated 
by Moritomi et al. [9] the fluctuations of gas 
pressure in the windbox are additionally influ-
enced by the air-feed system. Thus, the pressure 
pulsations in the windbox constitute a superpo-
sition of periodic phenomena occurring in the 
combustion chamber and the primary air supply 
system. Kage et al. found that the application of 
advanced frequency analysis to the study of the 
plenum static pressure time courses additionally 
allows the determination of bubble eruption and 
generation frequency [10, 11]. Similar conclu-
sions were made by Vakhshouri and Grace [12], 
Bonniol et al. [13], and Sasi et al. [14] showing 
that there is a strong relationship between the 
air-plenum conditions and the bed dynamics for 
low-pressure drop distributors.

Compared to the analysis of pressure os-
cillations, much less attention has been paid 
in the voluminous fluidization literature to the 
study of flow conditions existing in the plenum 
chambers. To date, most work in this area has 
been done using Computational Fluid dynamics 
(CFD) tools, which are also used in other areas 
of a flow investigation [15, 16]. Bhasker et al. 
[17] analyzed airflow in an isobaric windbox 
with a depth of 7.21 m and a height of 12.24 m. 
It was found, that in the near-grid zone where 
intensive turbulence and high-pressure effects 
are concentrated, low-velocity regions respon-
sible for non-uniform airflow inside the wind-
box are formed. Depypere et al. [18] analyzed 
the uniformity of air distribution inside the ple-
num chamber of a laboratory-scale Glatt GPCG-
1 type fluidized bed-coating unit. CFD simula-
tions revealed that the current geometry of the 
windbox causes a non-homogeneous airflow 
towards the distributor and the relocation of 
the plenum air inlet is a simple solution to this 
problem. Most of the research on the flow condi-
tions prevailing in the air box concerns working 
devices. A slightly different approach was used 
in the work of Yan et al. [19]. Authors verified 
velocity profiles in the windboxes of the various 
depth of a 600 MW CFB boiler and found that 
velocity and viscosity have no obvious influence 
on the mal-distribution.
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Types of windboxes used in Polish CFB boilers

When designing the geometry of the air box, 
the method of air supply should be taken into 
account. If the gas is supplied to the box from 
below, the air box must be of sufficient depth to 
prevent the gas from preferentially flowing in the 
middle of the device [20]. If the gas is supplied 
from the side, the outlet of the supply line should 
be in the center of the plenum and not on its wall 
[20]. Figure 1 shows various configurations of the 
windbox designs used in Polish CFB boilers. As 
can be seen, the fulfillment of above mentioned 
recommendations is not always taken into ac-
count when designing the windbox. Moreover as 
can be seen, in most cases air is supplied to the 
plenum chamber from the side along or across the 
combustion chamber. The exception is the wind-
box shown in Figure 1b, where the air is supplied 
from the bottom.

In the windbox shown in Figure 1a, to obtain 
a uniform static pressure distribution under the 
grid, the air supply is provided by a diffuser and 
a system of vanes. In the windbox shown in Fig-
ure 1b, the role of the diffuser is fulfilled by the 
windbox itself. In the case of the plenum chamber 
shown in Figure 1c, the volume is splitted into 
three equal chambers and independent air flows 
are supplied to each one of them. Typically, CFB 
boiler windboxes do not have any built-in equip-
ment. An exception is a design shown in Fig-
ure 1f, in which lighting-up burners are installed 
and the walls are lined with refractory concrete. 
Most CFB boiler plenum chambers currently be-
ing designed have a design similar to that shown 
in Figure 1e [5, 17, 19]. This type of construction 
is intended to provide proportional airflow distri-
bution along the entire length of the combustion 
chamber with minimal losses due to the turbu-
lence of the incoming airflow.

Since the plenum chambers have a significant 
impact on the hydrodynamics of a fluidized bed 
boiler investigation into the primary air distribu-
tion is essential for better improvement of the 
boiler performance. Unfortunately, due to the fact 
that in large-scale CFB boilers plenum chambers 
are devices of considerable volume, experimen-
tal studies of the flow conditions within them are 
very difficult and in some cases even impossible 
to carry out. In such a situation, it is convenient 
to analyze the distribution of air inside the wind-
box by using CFD tools. As mentioned above, the 
purpose of such an analysis is first of all to inves-
tigate the uniformity of air distribution under the 

grid and also to identify areas where the so-called 
“dead zones” occur due to turbulence. This term 
is used to describe places where the air velocity is 
close to zero.

This paper presents an analysis of the flow 
conditions occurring in the windbox of the 700 
MWth Compact CFB boiler operating in PGE 
GiEK SA – Turow Power Plant division. The 
geometry of the plenum chamber was designed 
as a constant discharge duct, in which the stream 
of supplied air is splitted into two parts. Based 
on simulation calculations the uniformity of air 
distribution for the windbox reference design 
and the influence of the applied baffle have been 
examined. Additionally, alternative designs to 
improve the uniformity of air distribution in the 
cross-section of the windbox are proposed. The 
uniformity index was used instead of the stan-
dard deviation to assess the homogeneity of air 
distribution in the windbox. This index has been 
shown to provide a better measure of the degree 
of heterogeneity in air distribution in some cases.

REFERENCE FACILITY

The reference facility for the tests is the wind-
box of the 700 MWth Compact CFB boiler operat-
ing in PGE GiEK SA – Turow Power Plant divi-
sion, shown in Figure 2.

Basic boiler design and operating data are 
shown in Table 1.

The boiler’s primary air distributor is supplied 
through the 12 × 5.6 × 5.2 m3 plenum chamber. 
Due to the asymmetrical gas supply, the device 
has a duct design with a variable cross-section. 
Figure 3 shows a cross-section of the boiler’s 
windbox with a vertical symmetry plane, indicat-
ing the location of the air supply cross-section.

As can be seen, the geometry of the windbox 
is designed as a constant discharge duct, whose 
purpose is to evenly distribute the gas just under 
the air distributor. Due to the very large volume 
of the plenum chamber (about 546 m3) this task 
can be very difficult to achieve. For this reason, 
the designers of the device decided to place an ad-
ditional baffle splitting the stream of the supplied 
air. Thanks to this, the inner area of the windbox 
is divided into two independent sections, which 
prevents the formation of macro-vortexes favor-
ing the creation of dead zones in the distributor 
area. Table 2 shows the design parameters of the 
air flowing through the windbox at the maximum 
boiler’s load.
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a) b)

c) d)

e) f)

Figure 1. Designs of primary air plenum chambers applied in Polish CFB boilers: (a) EC Żerań SA, (b) 
EC Chorzów „ELCHO” Sp. z o.o., (c) PGE GiEK SA – Turow Power Plant division, (d) EC Tychy SA, (e) 

PGE GiEK SA – Turow Power Plant division, (f) Tauron Wytwarzanie SA – EC Katowice division [5]
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SIMULATION CALCULATION

The purpose of the simulation calculations is 
to investigate the flow conditions in the plenum 
chamber of the 700 MWth Compact CFB boiler 
concerning the uniformity of the gas distribution 
under the boiler’s air distributor. The analysis is 
performed for four cases involving four different 
internal designs of the windbox (Figure 4). In the 
first case (Figure 4a), the flow conditions in the 
windbox without a baffle separating the airflow 
at the inlet are studied. In case two (Figure 4b), 
the air distribution in the windbox splitted by a 
flat baffle is analyzed. In case three (Figure 4c), 
the effect of a pre-distributor (made in the form 
of a perforated plate) on the uniformity of airflow 
under the grid is studied. Finally, in case four 
(Figure 4d) the flow conditions in the windbox 
equipped with both the baffle splitting the airflow 

at the inlet and the pre-distributor equalizing the 
static pressure located under the grid area are 
studied. It should be noted, that the use of a pre-
distributor is not a new concept and is an alterna-
tive solution wherever it is not possible to modify 
the air inlet to the windbox [18]. Unfortunately, 
this solution requires modification of the operat-
ing characteristics of the primary air fan and an 
increase in energy consumption. Computational 
simulations of the airflow in the internal vol-
ume of the plenum chamber are performed using 
ANSYS CFD software and Fluent solver. The 
discretization of the windbox geometry is per-
formed using the MultiZone method, in which a 
Hexa/Prism combination was used as the mapped 
mesh type. The increase in the resolution of the 
computational mesh was done through local set-
tings tools at the locations of expected higher gas 
velocity gradients. The final mesh size after the 

Table 1. Boiler construction and operational data

Quantity Unit Value
Electrical power MW 260
Primary/superheated steam mass flow kg/s 195.5/180.7
Primary/superheated steam pressure MPa 16.65/3.85
Primary/superheated steam temperature K 838/833
Combustion chamber height m 42.1
Cross-sectional area of combustion chamber at the grid level m2 21.9 × 5.2
Cross sectional area of the combustion chamber above the furnace lining m2 21.9 × 10.1
Fuel Brown coal
Fuel flow kg/s 73.7

Figure 2. Schematic diagram of the 700 MWth Compact CFB boiler 
working in PGE GiEK SA – Turow Power Plant division
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sensitivity test is 1 751 116. Simulation calcula-
tions were performed using models and boundary 
conditions shown in Table 3.

The control planes for the obtained calcula-
tion results are two cross-sections: the vertical 
plane of the windbox symmetry and the hori-
zontal one, located under the grid at the height 
of 5.3m from the bottom edge of the inlet (Fig-
ure 3). The following surface integrals of static 
pressure and velocity are studied in the hori-
zontal plane:
• Area-weighted average
• Standard deviation
• Facet min and max
• Uniformity index – area weighted
• Uniformity index – mass weighted

The degree of uniformity of air distribution 
in the plenum chamber is determined based on 
the standard deviation of the quantity under in-
vestigation. Alternatively, another surface inte-
gral characteristic is used for this purpose – the 
uniformity index, which may be related to both 

the surface area and the mass fl ow rate. The area-
weighted average of a quantity 𝜃𝜃 is calculated 
based on the following equation [21]:

1
𝐴𝐴#𝜃𝜃𝜃𝜃𝐴𝐴 =

1
𝐴𝐴'𝜃𝜃!|𝐴𝐴!|

"

!#$

(1)

where: 𝐴𝐴 – surface area, m2, 
𝑖𝑖 – the facet index of a surface with 𝑛𝑛
facets.

The uniformity index represents how a 
specified field variable varies over a surface, 
where a value of 1 indicates the highest unifor-
mity and 0 the lowest. There are two expres-
sion of this parameter: area weighted and mass 
weighted. The first one captures the variation 
of the quantity and is expressed by the follow-
ing equation [21]:

𝜗𝜗! = 1 −
∑ &'(𝜃𝜃" − �̅�𝜃!(+𝐴𝐴"-#
"$%

2(�̅�𝜃!( ∑ 𝐴𝐴"#
"$%

(2)

where: �̅�𝜃! – represents the average value of the 
fi eld variable over the surface according 
to the following equation [21]:

�̅�𝜃! =
∑ 𝜃𝜃"𝐴𝐴"#
"$%
∑ 𝐴𝐴"#
"$%

(3)

Table 2. Input parameters for the windbox calculation 
at maximum boiler load

Quantity Unit Value
Static pressure Pa 114 405
Air mass fl ow rate kg/s 100.95
Air density kg/m3 0.660
Air viscosity Pa s 27.98e-6

Figure 3. Cross-section of the 700 MWth Compact CFB boiler windbox showing the air supply cross-section, 
1 – baffl  e dividing the primary airfl ow, 2 – symmetry plane (red), 3 – control plane, 4 – air distributor
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The latter one captures the variation of the 
flux and is calculated based on the following 
equation [21]:

𝜗𝜗! = 1 −
∑ &'(𝜃𝜃" − �̅�𝜃!(+(|𝜌𝜌"�⃗�𝑣"𝐴𝐴"|)3#
"$%

2(�̅�𝜃!( ∑ [|𝜌𝜌"�⃗�𝑣"𝐴𝐴"|]#
"$%

(4)

where: 𝜌𝜌 – represents the fluid density, 
𝑣𝑣 – velocity vector and the average flux 
of the field variable through the surface is 
expressed by the following equation [21]

�̅�𝜃! =
∑ [𝜃𝜃"(|𝜌𝜌"�⃗�𝑣"𝐴𝐴"|)]#
"$%
∑ [|𝜌𝜌"�⃗�𝑣"𝐴𝐴"|]#
"$%

(5)

Table 3. Models and boundary conditions for numerical calculations of the windbox geometry for maximum boiler load

Model and boundary conditions Setting
Space 3D
Time Steady
Viscous Transition SST
Wall treatment Standard Wall Functions

Spatial discretization Gradient: G-G Cell Based, Pressure, Momentum, Turbulent Kinetic Energy, Specific 
Dissipation Rate, Intermittency, Momentum Thickness Re: 2nd Ordered Upwind

Heat transfer Enabled
Mass flow specification method Mass Flow Rate: 100.95 kg/s
Temperature 535 K
Pressure 114.4 kPa
Gas viscosity 27.98e-6

a) b)

c) d)

Figure 4. Analyzed windbox designs: (a) without the baffle dividing the gas stream at the inlet, 
(b) with the baffle dividing the gas stream at the inlet, (c) with a pre-distributor under the grid, 

(d) with the baffle dividing the gas stream at the inlet and with the pre-distributor under the grid
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RESULTS AND DISCUSSION

Figures from 5 to 8 show the contour velocity 
fields of the primary air in the windbox of the 700 
MWth Compact CFB boiler for all analyzed wind-
box designs. From the point of view of uniformity 
of air distribution in the cross-section of the boiler 
combustion chamber, cases A and B turned out to 
be the least favorable cases of the internal wind-
box design.

In these cases, due to the one-sided air sup-
ply, there is a visible decrease in the airflow in the 
areas of aerodynamic shadows occurring behind 
the constructional beams. As a result, the dead 
zones occur under the grid of the boiler, where the 
supplied air stream reaches a value close to zero. 
The presence of dead zones can be significantly 
reduced by placing a pre-distributor just under the 
construction beams, allowing the direction of the 
incoming air from the inlet to be changed. For this 
type of windbox design (cases C and D), the most 
uniform velocity fields are obtained in the hori-
zontal control section. However, due to the high 
qualitative similarity of the obtained velocity dis-
tributions, the identification of the most effective 
design is only possible based on the analysis of 
additional surface integral characteristics.

Table 4 compares the values of the area and 
mass uniformity index calculated for the control 

cross-section located under the grid of the ana-
lyzed windbox designs. It is noteworthy that 
among all studied windbox designs, the lowest 
degree of velocity field uniformity occurs for the 
reference design of the windbox (case B). Thus, 
from the point of view of ensuring homogeneous 
air distribution under the grid, the splitting of the 
box volume by a separating baffle has no sense 
whatsoever.

The highest uniformity index values are ob-
served for case C, in which the velocity unifor-
mity under the grid is achieved solely through 
the pre-distributor. The use of such a solution 
also made it possible to uniform the airflow in 
the windbox analyzed by Depypere et al. [18]. 
However, since the authors did not provide any 
uniformity characteristics it is difficult to make a 
measurable assessment of the effectiveness of this 
solution. It is noteworthy that in the very sparse 
literature devoted to the study of flow conditions 
in the plenum chambers, the assessment of the 
degree of heterogeneity of air distribution is usu-
ally subjectively based on the visual assessment 
of contour velocity fields [17, 18]. Exceptions are 
the study of Yan et al. [19], where the degree of 
homogeneity of the airflow was evaluated based 
on the non-uniformity coefficient, and own work 
[5], where the measure of the degree of homoge-
neity was the standard deviation of the velocity in 

a)

b)

Figure 5. Contour velocity fields of the primary air in the control planes of 
the windbox of the 700 MWth Compact CFB boiler – Case A
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the control plane. Figure 9 shows the gas velocity 
surface integral characteristics determined for the 
control plane for all analyzed cases of the wind-
box design. When comparing the data shown in 

the figure, it is important to note first the values 
of the standard deviation, which can be an alter-
native indicator of the uniformity of the surface 
distribution of a given quantity.

a)

b)

Figure 6. Contour velocity fields of the primary air in the control planes of 
the windbox of the 700 MWth Compact CFB boiler – Case B

a)

b)

Figure 7. Contour velocity fields of the primary air in the control planes of 
the windbox of the 700 MWth Compact CFB boiler – Case C
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As can be seen, the determined standard de-
viation values correlate well with values of the 
uniformity index. The highest values of standard 
deviation occur for case B of the windbox design 
(3.70 m/s) and the lowest for case C (2.89 m/s).

The analysis of the uniformity of the velocity 
field under the grid of the boiler was supplement-
ed by the study of static pressure distributions in 
this area. The results of this analysis are presented 
in Figures from 10 to 13. As can be seen from 
the presented distributions, the highest pressure 
gradients occur for the windbox designs A and 
B, with the most unfavorable case for design B, 
where the local pressure differences reach values 
close to 150 Pa. Thus, neither the initial design 
of the windbox (A) nor the reference one (B) al-
lows for a uniform pressure distribution under the 
air distributor.

Equalization of static pressure in the air dis-
tributor area is possible with the use of a pre-dis-
tributor which, as shown in Figures 12 and 13, 
provides an effective boundary between the high 
and low-pressure zones located on the inlet and 
grid sides of the windbox, respectively.

The highest degree of homogeneity of the 
static pressure field in the horizontal control sec-
tion can be observed for the case with the pre-
distributor. In this case, the highest values of uni-
formity index (area: 0.9987; mass: 0.9986) and, 
at the same time, the lowest value of static pres-
sure standard deviation (20.99 Pa) are obtained 
(Figure 14).

It should be noted that the maximum value of 
standard deviation equal to 47.25 Pa is not deter-
mined for the most unfavorable windbox design, 

Table 4. Summary of the surface uniformity indexes determined for the control plane of the analyzed windbox 
designs located under the grid of the boiler

Case
Uniformity index

Area Mass Area Mass
Velocity Static pressure

A 0.767 0.834 0.9972 0.9975
B 0.747 0.822 0.9967 0.9967
C 0.818 0.848 0.9987 0.9986
D 0.804 0.840 0.9975 0.9975

a)

b)

Figure 8. Contour velocity fields of the primary air in the control planes of 
the windbox of the 700 MWth Compact CFB boiler – Case D



Advances in Science and Technology Research Journal 2022, 16(5), 86–99

96

i.e. (B) (in this case Std = 47.15 Pa), but only for 
the design (A). This means that in some cases 
the uniformity index is a more reliable parameter 
for evaluating the degree of homogeneity of the 
distribution of the quantity under study, and the 
standard deviation is a characteristic that should 
be used with special caution.

CONCLUSIONS

One of the most important components of 
a CFB boiler is the primary air supply system, 
which consists, among other things, of the wind-
box. Since fl ow conditions in this element af-
fect the hydrodynamics of the fl uidized bed and 

Figure 9. Surface integral characteristics determined for the velocity in the 
control plane under the grid for all analyzed windbox designs

a)

b)

Figure 10. Contour static pressure fi elds of the primary air in the control planes 
of the windbox of the 700 MWth Compact CFB boiler – Case A
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determine the efficiency of the combustion pro-
cess, the key issue is to assess the operation of 
this device by determining the degree of unifor-
mity of air distribution in the near-grid zone.

The conducted simulation calculations and 
the analysis of the obtained results allowed to for-
mulate the following conclusions. Design of the 
windbox of the 700 MWth Compact CFB boiler 

a)

b)

Figure 11. Contour static pressure fields of the primary air in the control planes 
of the windbox of the 700 MWth Compact CFB boiler – Case B

a)

b)

Figure 12. Contour static pressure fields of the primary air in the control planes 
of the windbox of the 700 MWth Compact CFB boiler – Case C
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made in the form of a constant discharge duct is 
not able to ensure uniform air distribution in the 
area near the boiler grid. Splitting of the incoming 
airfl ow reduces the degree of uniformity of gas 
distribution under the air distributor. Thus, the 

use of a fl ow splitter is not reasonable from the 
point of view of the purpose of the plenum cham-
ber. The best characteristics of the uniformity of 
air distribution can be obtained for the windbox 
design equipped with the pre-distributor located 

Figure 14. Surface integral characteristics determined for the static pressure in 
the control plane under the grid for all analyzed windbox designs

a)

b)

Figure 13. Contour static pressure fi elds of the primary air in the control planes 
of the windbox of the 700 MWth Compact CFB boiler – Case D
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under the construction beams of the air distribu-
tor. The uniformity index is a reliable measure of 
the uniformity of the surface distribution of the 
quantity under test. The standard deviation may 
not always provide an alternative characteristic of 
the degree of uniformity of distribution of the test 
quantity compared to the uniformity index.
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