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Abstract—Fluidized bed combustion (FBC) has been recognized
as one of the suitable technologies for converting a wide variety of
biomass fuels into energy. One of the key factors affecting the
successful operation of fluidized bed combustion is its distributor
plate design. Therefore, the main purpose of this article is to
provide a critical overview of the published studies that are
relevant to the characteristics of different fluidized bed air
distributor designs. The review of available works display that
the type of distributor design significantly affects the operation of
the fluidized bed i.e., performance characteristics, fluidization
quality, air flow dynamics, solid pattern and mixing caused by
the direction of air flow through the distributors. Overall it is
observed that high pressure drop across the distributor is one of
the major draw backs of the current distributor designs.
However, fluidization was stable in a fluidized bed operated at a
low perforation ratio distributor due to the pressure drop across
the distributor, adequate to provide uniform gas distribution.
The swirling motion produced by the inclined injection of gas
promotes lateral dispersion and significantly improves
fluidization quality. Lastly, the research gaps are highlighted for
future improvement consideration on the development of efficient
distributor designs.

Keywords-Fluidized bed combustor; air distributor design;
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L INTRODUCTION

Fluidized bed combustion has been recognized as a suitable
technology for converting a wide variety of fuels into energy.
One of the key features offered by fluidized bed combustion is
the reduced emission of SO, and NOy. The noxious combustion
products released from the combustion of hydrocarbon fuels
are captured by the calcined limestone for easy handling and
disposal. Unlike many others energy conversion technologies
such as gasification and pyrolysis, the combustion efficiency in
a fluidized bed can reach up to 99% resulted from constant
temperature distribution and adequate amount of oxygen
supplied [1].

Depending on the distributors design in a fluidized bed,
different types of particles with different sizes and shapes can
be used. For instance, the fluidized bed combustor (Figure 1),
which consists of the following: combustion chamber,
distributor plate, bed pre-heater, gas outlet, and fuel feeding
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system, uses inert particles, usually alumina and river sands, as
its bed materials. The inert materials are preheated to the
operating temperature by the pre-heater, and this causes the
particles bed to absorb and store high amounts of heat.
Fluidizing air is passed through the distributor plate, and when
the air velocity reaches a particular point on which the gravity,
the weight of the particle and the overall weight of the bed are
balanced, the bed is suspended and exhibits a fluid-like
property. Then, the bed is said to be fluidized and the velocity
at this particular point is the minimum fluidization velocity.

One of the key parameters that affect the successful
operation of fluidized beds is the type of the distributor plate. It
is known that the efficient and stable operation of a fluidized
bed is sensitively controlled by the design of the distributor [2,
3]. The hydrodynamics of flow in the dense phase, quality of
gas dispersion, bubble size and its behaviour, gas-solids
contacting, gas hold-up, residence time distribution of gas,
solid movement and mixing pattern are some of the aspects that
are affected by the distributor design [4, 5].

The objective of this paper is to give an overview on past
and present works related to the characteristics of different
distributor designs in fluidized beds.

Legend

1 Blower 4 Pressure tapping 7 Screw feeder
2 Air plenum chamber 5 Bed/Combustion chamber 8 Cyclone

3 Distributor 6 Hopper of biomass solid fuel 9 Exhaust

Fig. 1. Schematic of FBC.
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II.  DISTRIBUTOR DESIGNS

Figure 2 summarizes the various types of distributor
designs available in the literature. The distributors are grouped
based on the direction of air entering into the distributor
(normal direction, lateral direction and inclined direction).
Each distributor’s functionality and its applications are
discussed in detail in the following sections.

A. Normal Direction of Air Entrance

A wide range of distributor plates available are designed in
such a way that they inject the air into the fluidized bed in a
normal direction to the distributor plate. The main types are:
(1) perforated plate (ii) sparger and (iii) sintered metal
distributors.

(i) Perforated Plate Distributor

Perforated plate distributor consists of holes arranged in
either square or triangular pitches that are distributed over the
distributor’s area. The percentage opening area, or some might
refer it as perforated ratio, is calculated by dividing the total
number of holes area over the distributor area. The effect of
distributor plates on the distribution of temperature profiles
along the axis of the combustion chamber during the
combustion of low density rice husk fuels in a fluidized bed
was studied in [6]. Two different distributors with perforated
ratios of 2.6% and 7.6% were tested. The peak temperature
points — as an indication for combustion of fuel particles were
found at 25 cm and 60 cm above the distributors for 2.6% and
7.6% perforated ratio distributors respectively. The low bulk
density of the fuel (rice husks) that prone to float to a certain
height resulted to the increment of peak temperature profile in
the freeboard area. However, no specific discussion pertaining
on the effect of perforated ratio on temperature variation was
highlighted by the authors.

In [7] the importance of perforated ratios on the distributor
and bed pressure drop, solid holdup, and gas-solid behavior
was investigated. Three different types of perforated
distributors having 0.46%, 0.86% and 1.10% perforated ratios
were investigated by utilizing the CFD simulation and
comparison with experimental and available published data.

The results showed that as superficial velocity progressed, the
distributor pressure drop increased with decreasing perforated
ratio due to increase of airflow resistance. However, solid
circulation and gas-solid distribution was recorded more
homogenous in the bed of 0.46% perforated ratio than that of
0.86% and 1.10%. The authors concluded that fluidization was
more stable in the bed operated in the low perforated ratio
distributor due to the pressure drop across the distributor being
adequate to provide uniform gas distribution.

(ii) Sparger

Various sparger designs are available such as radial pipes
and multiple rings [8-11]. Air is uniformly distributed to all
the holes through the main air inlet or header. Comparison
between different sparger configurations has been conducted
by many researchers to find the optimum sparger type and
design. For instance, systematic procedures for the selection of
sparger design and type were highlighted in [8]. In that study,
a new wheel-type sparger was proposed based on the finding
that conventional type spargers provide highly non-uniform
flow. More recently, the effect of entrance configurations on
the flow field in an industrial fluidized bed reactor were the
primary interest of some researchers [5, 12]. The
Computational Fluid Dynamics-Population Balance Model
(CFD-PBM) coupled model was implemented to investigate
the effect of a sparger distributor on reactor performance.
Comparison of reactor performances in terms of bubble
formation and dead zone formation were made with a
perforated distributor. The image processing analysis of the
bubble phase show that the bubble size distribution in the case
of the sparger distributor was more uniform than that of the
perforated plate. The CFD-PBM simulation results however
showed that dead zones were spotted in the corners of the
sparger distributor due to particles clustering. The authors
concluded that the perforated distributor was found to be more
advantageous than the sparger-type distributor. The jet
formation above the perforated distributor due to the restricted
air passages provides adequate driving force and thus
eliminates the cluster formation, resulting in more
heterogeneous flow field and better gas—solid interaction.
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Fig. 2.

Summary of primary distributor designs available in the literature.
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(iii) Sintered Metal

Sintered metal distributor (SMD) is made from multiple
layers of woven wire mesh of comparatively small aperture
and high open area ratio compared to perforated-type
distributor. The effect of SMD with different apertures and
open area ratios on the fluidization quality of air dense
medium fluidized bed separator was investigated in [2]. Five
SMDs of aperture sizes and open area ratios ranging from 5-10
um and 25-40% were employed in the experiments. Results
showed that the quality and stability of fluidization over a
wide range of air velocity was achieved by using a smaller
aperture size of 5 um SMD with a bigger open area ratio of
40% due to the increase of pressure drop. The effect of
different SMD aperture sizes on the solid flow structure in a
bubbling fluidized bed from [13] showed that there exist four
solid flow patterns in a bubbling fluidized bed, influenced by
the distributor aperture size and the bed aspect ratio (H/D).
The solid flow patterns and behaviors were observed by using
the positron emission particle tracking (PEPT) technique.
Five different aperture sizes: Ipm, 10 pm, 15 um, 60 pum and
230 pm of open area ratios ranging from 24% to 30% were
investigated with 1, 1.5 and 2 bed aspect ratios resulted in
more than 25 sets of experiments. Poor solid circulation
patterns was observed with single unit bed aspect ratio
fluidized bed operated with SMD of 15, 60 and 230 pm
aperture sizes. From the results, it was concluded that the
desirable flow patterns in a fluidized bed that were very much
related to particles’ kinetic energy were the combination of
superficial air velocity, bed aspect ratio and distributor
aperture size.

B. Lateral Direction of Air Entrance

Some types of distributor plates are designed in such a way
that the fluidizing air is injected into the fluidized beds in
lateral direction. The main types are: (i) bubble-cap, (ii)
nozzles and (ii) multi-vortex type distributors.

(i) Bubble-cap

Bubble cap type distributor consists of orifices attached
with caps in the upper part of the orifice plate to avoid the
accumulation of stationary solids and particles fall back. The
fluidizing air is flowing through the holes in a lateral direction
beneath the caps in a way that the solid fall through the holes
is prevented by high velocity jets. The distributor free open
area is low and results in high pressure drop through the
distributor. The distributor effect at the bottom region of the
fluidized bed during turbulent fluidization was studied in [14].
Experimental results by using a bubble cap distributor showed
that the axial flow structure at the bottom region of the
bubbling fluidized bed was more stable. Comparison was
made with the perforated plate distributor that showed
opposite pressure variation, though both having the same open
area ratio and similar distributor pressure drop profile. The
possible reason behind this was the jetting effect through the
perforated holes and the formation of dead zones through the
perforated interstices. The entrainment rate however was
found to be higher in the perforated plate distributor than that
of the bubble cap distributor given the same superficial
velocity when operated at the transition region from bubbling

to turbulent fluidization. This indicates that the bubble
formation from lateral jets through the bubble cap reduce the
entrainment rate compared to the perforated plate.

Motivated by the fact that none of the literature available
pertaining on the performance of the distributors at higher
operating temperature, Sanchez-Prieto et al [15] compared the
performance of two types of distributors, bubble cap and
perforated distributors up to 300°C operating temperature.
Considering that both distributors have a similar free open
area of 0.8%, distributor pressure drop was found to be higher
in the bubble cap distributor measured at ambient and higher
operating temperatures due to a lower discharge coefficient
compared to that of the perforated plate distributor. At the
same air velocity, pressure drops for both distributors were
recorded to decrease as the operating temperature increases
due to the decrement of gas density. Moreover, a new
methodology was developed in designing the distributor plate
for higher operating temperatures. The parameters that have
shown to have significant effect on the distributor performance
at higher operating temperatures were the distributor free open
area ratio, the bed aspect ratio and the pressure drop ratio.
However, no distinctive comparison regarding the effect of
distributors on bed behavior particularly on particulate mixing
operated at higher operating temperatures was made by the
authors.

(ii) Nozzles

The nozzles were either mounted on the distributor plate
with inverted ‘L’ shapes or with some inclination angles. The
significant difference between nozzles and bubble cap type
distributors is that no caps are installed on top of the nozzles
and the solely prevention method of particle fall back into the
plenum is by the lateral jet flow from the nozzles. Horizontal
gas dispersion in a bubbling fluidized bed was investigated in
[16] by using response surface methodology (RSM). Three
nozzle distributors with different open area ratios of 1%, 2.5%
and 4% were employed in the experiments. Three different
sizes of glass beads of 360 um, 460 pm and 545 um were used
as bed materials in a rectangular shaped bubbling fluidized
bed. The horizontal gas dispersion was further compared with
two other types of distributors; bubble cap and perforated
fabricated with the same open area ratios as the nozzle
distributor. The coefficient of horizontal dispersion was
assigned as an objective function for the three types of
distributors and was calculated from tracer concentration. The
higher value of coefficient of horizontal dispersion implies
better horizontal gas dispersion and thus better mixing. The
perforated distributor was recorded to have a low value of
dispersion coefficient for all operations. No distinctive
difference observed in the dispersion coefficient between the
nozzle and the bubble cap distributors at low operating
velocity. At higher operating velocities the coefficient of
horizontal dispersion for the nozzle type was higher compared
to the bubble cap and perforated types. This suggests that the
dispersion in the bubbling fluidized bed can be enhanced by
increasing the operating velocity. Authors concluded that the
distributor design was the dominant factor for gas dispersion
in the fluidized bed.
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Computational Fluid Dynamics (CFD) simulation on the
hydrodynamics of the bubbling fluidized bed gasifier with a
nozzle-type gas distributor was studied in [17]. Two cases of
air distribution (one ideal and one realistic) with the nozzle-
type distributor were considered in their 3D CFD simulations.
In the ideal case, uniform gas injection was located at the
bottom of the fluidized bed (without considering the individual
nozzle distributors). The realistic case, on the other hand, dealt
with full scale nozzle geometry. The geometry was further
simplified for CFD analysis. Significant differences were
recorded for the two cases in terms of solid volume fraction
(SVF), uniformity index (UI) and solid stack volume (SSV).
Gas flow streamline from CFD simulation showed that the gas
flow was more uniform in the ideal case. SVF was measured
higher in the realistic case due to the non-uniform flow
distribution where some dense and stationary solid zones were
observed at the bottom zone of the fluidized bed, corners and
between nozzle distributors. The Ul along the fluidized bed
height for the realistic case was lower about 5% than that of
the ideal case. The UI of unity represents even solid
distribution in a specified surface area. The SSV that measures
the dead zones region was found lower in the ideal case. It was
shown that the SSV has to be identified and minimized when
modeling fluidized-beds with real distributors because it may
lead to serious operating problems such as slugging and
channeling due to blocking of distributors. Modeling the
fluidized bed with ideal air entering the system showed
significant deviation from the real phenomenon. Thus, the
actual distributor geometry should be considered in modeling
the air distribution in fluidized bed system.

(ii) Multi-vortex type distributors

A novel multi-vortex distributor was introduced in [18]
and it consisted of 38 unit of 1/6 inch outside diameter (OD)
tubes with different orientations arranged in a rectangular
pitch. According to the authors, the proposed tubes would
theoretically improve the horizontal momentum and eliminate
the problem associated with dead zones at the surface of the
distributor and at the bottom region of the bed. This would in
turn intensify the lateral dispersion and improve mass transfer.
The gas dispersion was compared to the conventional
perforated plate distributor that consisted of 35 perforated
holes of 2 mm internal diameter (ID). The conversion
efficiency, defined as experimentally measured conversion
over the ideal maximum conversion, was used as a comparison
parameter. Conversion efficiency of unity attributed to better
interfacial and axial dispersion. For all inlet velocities, it was
found that the multi-vortex distributor improved the
conversion effeciencies by 14.75% compared to the perforated
plate distributor. An unexpected increase in bubble size
however was observed in multi vortex distributor in a factor of
14 and 1.5 from visual and pressure fluctuation
measurements. The authors argued that the increment of
bubble size indicates an increment of mass transfer mechanism
which was later associated with an increment of conventional
and diffusional components by using multi-vortex distributor.
However, no quantification was made by the authors to
support the validity of the arguments.

C. Inclined Direction of Air Entrance

The inclined direction of air entering into the fluidized bed
at an angle 0 produces swirling air motion as a result of
velocity U entering the bed which consists of two velocity
components: Ucosd which is responsible for fluidization and
Usin6 that induced swirling air motion inside the fluidized
bed. The main types of inclined distributors are: (i) annular
inclined blades, and (ii) helical nozzle distributors.

(i) Annular inclined blades

The annular distributor consists of blades arranged at a
certain inclination angle. The overlapping length between the
blades directs the air at the desired angle. The centrifugal force
is a result of a swirling motion of bed material in a circular path
which is imparted by the tangential component of air velocity
due to the inclined angle of the distributor blades. The original
idea of annular inclined blades for fluidized bed can be traced
back to [19]. The annular inclined distributor consists of N
number of overlapping sector-shaped blades. The performance
of the distributor was evaluated as a function of number of
blades and fraction free area. Comparison was made with the
sintered metal distributor by using a heat transfer coefficient
between immersed heater and bed materials as an objective
parameter. Significant improvement of the heat transfer
coefficient of the bed materials was achieved by using inclined
blades compared to that of the sintered metal distributor at
higher operating velocity. Changing fraction free area from
1.2% to 4.1% seemed to have no effect on the heat transfer
coefficient but changing the number of blades from 24 to 32
units showed a significant effect. Moreover, the correlation that
governs the heat transfer coefficient and the distributor
geometry was developed.

Following the annular inclined distributor of Ouyang and
Levenspiel, the work of some researchers was devoted to
understand the hydrodynamics of swirling fluidized beds [20-
29]. The annular inclined blades of Ouyang and Levenspiel
was modified into truncated sectors of a circle that resulted in
arrangement of blades of annular inclined distributor [22].
Varying the distributor angle (sector) from 12° to 15° and 18°
was shown to have a significant effect on particle velocity [23].
Generally, the particles velocity was reduced by 18% for every
3° angle increment. Increment of the distributor angle makes
the distributor sector to become wider thus results in higher
surface friction due to larger surface area of particles in contact
with the distributor sector. The inclined arrangement of blades
was shown to move the air radially towards the peripheral of
the bed. Eventually an insignificant dead-region was created at
the center region of fluidized bed that required the installation
of a cone. In [20] it was reported that the installation of a
central cone reduced the superficial air velocity from the
distributor to the free surface of the bed due to the increasing
cross section available for air flow.

Application of annular inclined distributors in the fluidized
bed combustion are documented in the works of many
researchers [25, 26, 30]. An innovative swirling fluidized bed
combustor (SFBC) was used to burn 80 kg/hr rice husk of
different moisture contents of 8.4% to 35% and 20%-80% of
excess air [26]. The primary air for combustion was supplied
through an annular inclined distributor that induced swirling
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flow motion in a combustion chamber. Constant axial
temperature profiles were recorded along the height of SFBC
that reflects effectiveness of the combustion by using annular
inclined distributor; in contrast to the inconsistent axial
temperature profile recorded during the combustion of rice
husk in [6] using a perforated plate distributor. It is thus
anticipated that the swirling distributor holds promise for
industrial fluidized bed applications.

(ii) Helical nozzle distributors

A novel spiral helix nozzle distributor introduced in [31]
was shown to induce swirling air motion as the air enters the
fluidized bed. The swirling distributor consists of a 5 mm
diameter rod with six-turn helical coil attached in a 10 mm
diameter nozzle. Besides producing a swirling air motion, the
functionality of the helix was to retain the particles when the
fluidized bed is at a de-fluidized state. The spiral helix nozzle
was attached together with 61 perforated holes of 0.4 mm
diameter on a 50 mm diameter distributor plate. Different case
studies were conducted on which the distributors were
modified into three configurations: plain nozzle, lowered helix
and flush helix. The formation of jets and bubbles from these
configurations were observed and recorded by using ultra-fast
magnetic resonance imaging (MRI). The experimental results
indicated that the swirling motion produced by novel helical-
type gas distributors promotes lateral dispersion and
significantly improves the fluidization quality compared to a
plain nozzle without a spiral. However, the presence of the
helical coils in the distributor significantly increases the
pressure drop across the distributor.

III.  FINDINGS AND RESEARCH GAPS

The critical findings from the literature review are listed
below:

1. The major factors which might affect the intensity of
mixing include fluidizing velocity, particle size and
arrangement of the gas flow through the distributor.

2. The parameters that have shown to have a significant
effect on the distributor’s performance at higher operating
temperatures were the distributor free open area ratio, the
bed aspect ratio and the pressure drop ratio.

3. High pressure drop across the distributor is one of the
major draw backs of the current distributor designs.

4. Fluidization was more stable in the bed operated in a low
perforated ratio distributor due to adequate pressure drop
across the distributor to provide uniform gas distribution.

5. The swirling motion produced by inclined injection of gas
promotes lateral dispersion and significantly improves the
fluidization quality.

It is thus anticipated that the performance of the current
fluidized beds can be further improved through the
development of new distributor designs. Moreover, the
swirling motion produced by the inclined injection of air was
shown to improve particle mixing. However, the current
swirling distributor designs used overlapping blades that limits
the application of fluidization only to larger bed size materials.
Besides, the recent attempt on inducing swirling flow by using
helical coil was proven to increase the distributor pressure
drop; which is a drawback in the distributor design. The

fluidization was found more stable in the bed operated by a
perforated distributor due to the adequate pressure drop across
the distributor to provide uniform gas distribution. Therefore,
a new distributor design is in need by integrating the
perforated and swirling distributors. Considering most of the
fluidization processes are operated with pressurized air as a
working fluid, attempts have to be made in future studies to
investigate the effect of different distributor designs on the
hydrodynamics of the fluidized bed operated by a low pressure
blower.

IV. CONCLUSION

Overview on past and present works related to the
characteristics of different distributor designs in fluidized bed
were critically reviewed and discussed in this paper. The
parameters that affect the performance of fluidized bed were
identified and research gaps pertaining to the distributor
designs were highlighted for improvement consideration on
future developments of distributor designs for fluidized bed
combustors. This review indicated that the efficient operation
of a fluidized bed is dependent on distributor performance,
which, in turn, is dependent on the design parameters of the
distributor. In general, the incorporation of the right distributor
design in a fluidization operation would represent inexpensive
means to offer better economic and technical performance for
future developments of fluidized bed combustors.
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