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Abstract: - The type of air entry distribution is essential in the formation of hydrodynamic structures of
fluidized bed. The present study is aimed to form a hydrodynamic structure of fluidized bed optimal for burning
low-grade solids fuels. In order to determine the uniformity of the fluidized bed in the bed heat exchange rate
between the bed and a heat exchange member immersed therein was measured. At a first approximation, heat
exchange with the member immersed into the bed imitates heat exchange between the fluidized bed and a fuel
particle. It is allowed to determine that an optimal hydrodynamic structure of the bed can be formed by using a
lattice supplying the major portion of air near the furnace wall. The above conclusion was confirmed by

experiments using a real furnace with a fluidized bed.
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1 Introduction

The use of fluidization technique in heat-and-power
engineering provides a comprehensive solution for
reducing environmental pollution with noxious
emissions, reducing size and metal consumption of
boiler units, and increasing reliability thereof
without excessive fuel quality and performance
stability requirements [1, 2].

2 Problem Formulation

However, the hydrodynamic structure of fluidized
bed is far from uniform, and said non-uniformity
increases further along with an increase in the
amount of fluidization. In industrial scale
apparatuses, fluidization gas can be supplied via
regularly spaced but discrete devices (hozzles,
tubes, etc.). In this case, gas bubbles would rise
along certain preferred lines, and local vertical solid
particle circulation cells would form, hindering
complete mixing of particles and gas in the bed [3,
4, 5, 6]. With regards to combustion of fine solids
fuels and solid fuels with high volatile matter
content, the formation of preferred gas bubble
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ascent lines can lead to burning of fine solids
particles and gas flare formation that penetrates the
bed and burns chaotically in the freeboard [3].

3 Problem Solution
Particle movement in a fluidized bed can be affected
by providing non-uniform entry gas distribution
through a distribution lattice. The above method
provides strong circulatory particle movement of
"Gulfstream movement" type and more effective gas
mixing in the bed when supplying greater gas flow
through the peripheral area of the gas distribution
lattice, as opposed to the central area thereof [3].

Evidently, the approach of providing intensive
internal particle circulation in the bed by means of
irregular air entry distribution is the simplest and
most effective solution. However, results of
systematic studies of hydrodynamic structure of
fluidized bed with the purpose of discovering
optimal air entry distribution in the context of liquid
fuel combustion and combustion of fuels with high
volatile matter content are not yet available.

The object of the present study is to carry out
such studies.
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3.1 Methods and equipment

The hydrodynamic structure of a fluidized bed can
be studied using various methods, each having
certain advantages and disadvantages [7, 8, 9, 10,
11,12, 13, 14, 15, 16, 17, 18].

The results of a fluidized bed hydrodynamic
structure study based on measuring heat exchange
rate between the bed and a heat exchange member
immersed therein (in various areas of the fluidized
bed) are of particular practical interest. At a first
approximation, heat exchange with the member
immersed into the bed imitates heat exchange
between the fluidized bed and a fuel particle, which
is important for evaluation of heating and
combustion velocity of the fuel particle in the bed,
as well as for eliminating local overheating of the
bed, fuel ash fusion and bed defluidization.

External heat exchanged between the fluidized
bed and the surface (copper ball D = 24 mm) was
measured using a conventional regular temperature
conditions method [19]. A type L thermocouple was
welded into the ball center, said thermocouple
allowing for continuous temperature measurement
of the pre-heated ball after immersing it into the
cold fluidized bed. The sensor is shown
schematically in Fig. 1.

Fig. 1. Diagram of sensor for determining heat
exchange rate
1 — thermocouple head with diameter of 1.2 mm,
2 — copper ball, 3 —thermocouple cables,
4 — connecting tube with diameter of 3.0 mm
In order to determine heat exchange coefficient
distribution in the fluidized bed, a sensor positioning
system shown in Fig. 2 was used. The sensor
positioning system in the fluidized bed chamber
allows placing the copper ball both on chamber axis
and at a variable distance x from the axis. The
height h of the ball position above the gas
distribution lattice was adjustable. During the
experiments, the sensor was placed at a height of 30
mm and 80 mm above the lattice. Quartz sand with

E-ISSN: 2224-3461

22

Rafail Isemin, Dmitry Klimov, Sergey Kuzmin,
Aleksandr Mikhalev, Valentin Konyakhin,
Oleg Milovanov, Natalia Muratova

particle size of 0.5...0.8 mm was used as the
particulate material (d = 0.65 mm; us = 0.26 m/s).
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Fig. 2: Diagram of sensor arrangement for
measuring heat exchange rate in a fluidized bed.
1 — chamber with fluidized bed, 2 — fluidized bed of
sand, 3 — gas distribution lattice, 4 — sensor,
5 — sensor positioning system
In order to provide various types of air entry
distribution, three perforated lattices were used. The
first configuration of lattice comprises a regular
open area (the lattice forms a "flat" air velocity
profile at bed entry), the second configuration
comprises a greater open area in the center of lattice
(the lattice forms a "convex" entry air velocity
profile), and in the third configuration, the greater
open area is arranged at the periphery (the lattice
forms a "concave" entry air velocity profile). The
lattice is shown schematically in Fig 3, and
characteristics thereof are provided in Table 1.

nl-nb5

o o

S1-S5

Figure 3: Gas distribution lattice diagram
nl- n5 — number of openings in zones, S1 - S5 -
zones of identical surface area
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Table 1: Distribution of openings in various lattices
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center of the apparatus and at half-radius point

Lattice zones Configuration 1 Configuration 2 Configuration 3
with identical
surface area Ope_n area | Number of Ope_n area | Number of Ope_n area Number of
ratio, %  |openings with| ratio, % | openings with | ratio,% | openings with
diameter of diameter of diameter of
2mm,n 2mm,n 2mm,n
S1
3919 mm? 1.5 19 2.5 32 0.5 7
S2
3919 mm? 1.5 19 2.0 25 1.0 13
S3
3919 mm? 1.5 19 1.5 19 1.5 19
S4
3919 mm? 1.5 19 1.0 13 2.0 25
S5
3919 mm? 1.5 19 0.5 7 2.5 32

Prior to measurement, the copper ball was heated
with a hot air source to 200-240°C, then the ball was
immersed into target location in the bed, and the
reduction in copper ball temperature was determined
until the temperature equaled that of the fluidized
bed. In order to determine the effect of air velocity
in the chamber, all experiments were carried out at
three different air filtering velocities u = 0.49; 0.61
and 0.73 m/s.

3.2 Results and discussion

Figures 4.1 - 4.3 show mean values of heat
exchange coefficients between the sensor and the
fluidized bed for three types of air distribution
lattice and two initial bed height values (0.05 m and
0.1 m).

In case of the "flat" entry air velocity profile
(Fig. 4.1), the hydrodynamic structure of the bed
was non-uniform due to the fact that at the initial
bed height of 0.05 m and air velocity of 0.49 m/s,
heat exchange rate near the wall of the apparatus is
1.31 times higher than that in the center of the
apparatus. An increase in air velocity to 0.61 m/s
does not lead to an increase in uniformity, as the
heat exchange coefficient value at half-radius point
of the apparatus is 1.19 times lower than near the
apparatus wall. Finally, at air velocity of 0.73 m/s,
the non-uniformity is maintained, as the heat
exchange rate in the center of the apparatus is 1.16
times higher than in other zones of the fluidized bed.

In case of the "flat" entry air velocity profile, the
non-uniformity of the fluidized bed hydrodynamic
structure is maintained when the initial bed height is
increased to 0.1 m, as the heat exchange rate in the
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thereof is 1.1 - 1.35 times higher than in peripheral
zones of the bed. Furthermore, at the initial bed
height of 0.1 m, heat exchange rate between the bed
and the heat exchange member immersed therein
decreases with an increase in the velocity of air
being passed through the bed (Fig. 4.1).
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Figure 4.1: Heat exchange coefficient values
between the fluidized bed and the heat exchange
member plotted against air velocity at uniform entry
air distribution (Flat entry air velocity profile).

In case of a "convex" entry air velocity profile,
the rate of heat exchange processes in the bed is
significantly higher compared to the "flat" entry air
velocity profile (Fig. 4.2). At air velocity of 0.49
m/s, the heat exchange rate in the fluidized bed with
initial height of 0.05 mis 1.5 - 1.6 times higher than
in the "flat" profile at the same air velocity.
However, at the initial bed height of 0.05 m, the
hydrodynamic structure of the bed remains non-
uniform, as at the half-radius point of the apparatus,
the heat exchange rate is 1.3 - 1.4 times higher than
at the center and near the apparatus wall,
respectively. An increase in air velocity to 0.61 m/s
leads to an increase in uniformity of the fluidized
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bed hydrodynamic structure: heat exchange rate
values in this case are in the range of 230 to 280
W/m2 degr. Said increase can be explained by the
fact that a strong circulatory movement forms in the
bed, spreading over the entire bed volume.
However, a further increase in air velocity to 0.73
m/s leads to a decrease in heat exchange rate to 250
- 270 W/m2 degr. When the initial bed height is
increased to 0.1 m in the "convex" entry air velocity
profile, said increase does not in fact affect heat
exchange rate and particle movement rate. In other
words, the "convex" profile forms a uniform
structure  with  approximately equal particle
movement rates over the entire bed volume.
However, this is only true for relatively low
velocities of air being passed through the bed. When
air velocity is increased to 0.73 m/s, a sharp spike in
heat exchange rate (up to 400 W/m2 degr) occurs
approximately at the central radial point of the
apparatus, whereas heat exchange rate in other
zones of the bed remains the same.
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Figure 4.2: Heat exchange coefficient values
between the fluidized bed and the heat exchange
member plotted against air velocity in a "convex"

entry air velocity profile.

In case of a "concave" entry air velocity profile,
when air velocity increases, the heat exchange rate
also increases when compared to the "flat" entry air
velocity profile (Fig. 4.3). However, the case of a
"concave" entry air velocity profile, there is a
significant non-uniformity in the hydrodynamic
structure of the bed with initial height of 0.05 m,
which is completely eliminated upon increasing air
velocity to 0.73 m/s. When the initial bed height is
increased to 0.1 m, the "concave" entry air velocity
profile exhibits heat exchange coefficient values
fluctuations in an extremely narrow range of 230 to
260 W/m2 degr, which indicates uniformity of the
bed hydrodynamic structure at any velocity of air
being passed through the fluidized bed in the studied
air velocity range. Furthermore, when using the
"concave" entry air velocity profile, at bed height of
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0.1 m, the heat exchange rate is 1.5 - 3.5 higher than
that in the bed with initial height of 0.05 m.
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Figure 4.3: Heat exchange coefficient values
between the fluidized bed and the heat exchange
member plotted against air velocity in a "concave"
entry air velocity profile.

It should also be noted that the possibility of
maintaining a uniform hydrodynamic structure of
the fluidized bed upon an increase in air velocity in
the "concave" entry profile suggests that said air
velocity profile allows providing a furnace with a
wider power adjustment range without decreasing
solid fuel combustion efficiency.

3.3 Experimental verification of results in
practice

In order to verify and substantiate the choice of air
distribution lattice forming at the bed entry a
"concave" air velocity profile, a prototype furnace
was constructed with a fluidized bed with a capacity
of 400 kW, the design of which is illustrated in the
scheme of Fig. 5.
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Figure 5. Functional scheme
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Figure 5 shows an outline of the experimental
unit for studying the combustion of different types
of solid fuel. The studies are conducted in the
remote cylindrical furnace with inner diameter of
800 mm and height of 1500 mm above the air
distribution grill. The furnace is water-cooled, and
the cooling circuit of the furnace is inserted in the
cooling circuit of the heat exchanger of flue gases.

The design of the furnace provides the tangential
inlet of flue gases into the combustion can of the
exchanger. This provides the post-combustion of
volatile matters and the fallout of fuel and ash
particles from gas flow.

The furnace is equipped with a hopper for solid
fuel and with the device for fuel feeding in the
furnace. Fuel inlet in the furnace is carried out at
height of 350 mm above the air distribution grill.

The furnace is rested upon the air distribution
grill; blasting primary air from the high-pressure fan
is forced under this grill.

The diagram illustrating the air distribution
lattice of a prototype furnace (Fig. 6) shows the
arrangement of caps for supplying blast air. The
caps are uniformly arranged over the entire lattice
area. However, due to the fact that the air
distribution lattice is tilted at 30° towards the center,
the resistance of inert material layer or particulate
catalyst over the caps arranged on the lattice
periphery is lower than that over the central part of
the lattice. Therefore, the peripheral part of the
lattice experiences greater air flow compared to the
central part thereof, thus forming a "concave" entry
air velocity profile and providing intensive
circulation of bed particulates.

1 — working area caps, 2 — ash discharge area caps,
3 — wall-adjacent caps, 4 — tapered (tilted) lattice
floor, 5 — ash discharge manifold.

Figure 6. Air distribution lattice diagram
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Caps have different structures. Caps with air
outlet openings (5 mm in diameter) are arranged
near the ash discharge area. The remaining caps
have air inlet openings of 2.5 mm in diameter. Caps
arranged in the wall-adjacent area near the furnace
unit wall are undercut to facilitate assembly. The
remaining caps are working area caps.

The furnace was used to burn straw pellets and
anthracite culm with a composition provided in
Table 2.

Table 2: The anthracite culm and straw pellets
characteristics

Parameter Anthra | Straw
cite pellets
culm
Diameter, mm 19,76 7.0
Average length, mm 27,9 12.03
Diameter / average length ratio | 4,1 0.59
Density, kg/m® 4,6 1190
Bulk density, kg/m’ 054 | 4879
Combustion value, MJ/kg 2010 15.42
Ash content, % 1280 4.38
Humidity, % 57,8 8.12
Initial ash content, % 1,2 6.87
Higher combustion value, 0,6 16.91
MJ/kg
Lower combustion value, 1,3 15.52
MJ/kg
Overall chlorine content, % of 0,1 0.094
dry matter
Ash deformation temperature, | 1050 940
°C
Ash softening temperature, °C | 1210 980
Ash fusion temperature, °C 1240 1070
Ash melting temperature, °C 1350 1300

The fractional composition of culm: the
proportion of particles is larger than 10 mm — 1,45
%; from 3 to 10 mm - 35,61 %; 1 to 3 mm - 26,61
%; from 0.6 to 1 mm, 8,96 %; from 0.2 mm to 0.6
mm is 18: 22C %; less than 0.2 mm is 9.6 %. The
ignition temperature of the volatiles released from
culm was 690 °C.
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The furnace was tested in nominal operation.
During testing, a «VarioPlus» gas analyzer was
continuously used to measure oxygen and carbon
monoxide content in furnace gas at furnace exit.

Figures 7 to 12 show change curves of the
temperature of flue gases at the outlet of the
furnace; the coefficient of excess air for the
combustion device; carbon monoxide, nitric oxide,
nitrogen oxides and sulfur oxides during combustion
of anthracite culm.

1000 1504 2000 2500 3000 1,¢

Figure 7.The temperature change of furnace gas at
furnace exit during combustion of anthracite culm

1000 1500 2000 2500 3000 T, ¢

Figure 8. The coefficient of excess air change in
furnace gas at furnace exit during combustion of
anthracite culm

500 1000 1500 2000 2500 3000 T,C

Figure 9. The content of carbon monoxide change in
furnace gas at furnace exit during combustion of
anthracite culm

500 1000 1500 2000 2500 3000

Figure 10. The content of nitrogen monoxide
change in furnace gas at furnace exit during
combustion of anthracite culm
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Figure 11. The content of nitrogen oxides change in
furnace gas at furnace exit during combustion of
anthracite culm

500 1000 1500 2000 2500 3000 T,

Figure 12. The content of sulfur oxide change in
furnace gas at furnace exit during combustion of
anthracite culm.

Although the temperature of the gases at the
outlett of the furnace (figure 7) did not exceed 570
°C, the combustion of culm was stable.

The low combustion temperature of culm led to
the low emissions of nitric oxide (approximately
133 mg/m3 when the content of oxygen in flue
gases equals 11.4 percent) and nitrogen oxides
(approximately 197 mg/m3 when the content of
oxygen in the flue gas equals 11.4 %), these results
correspond to the findings of other scientists. [20,
21].

On the other hand, the content of the CO
(approximately 900 mg/m3 when the concentration
of oxygen equals 11.4 %) was sufficiently high.

The emissions of oxides of sulfur were
particularly high (approximately 1052 mg/m3 when
the concentration of oxygen equals 11.4 %). This
can be explained by two factors: 1) the high sulfur
content in the initial culm (1,25 %), 2) almost
complete entrainment of ash from the bed.

The latter circumstance leads to the fact that ash
does not accumulate in the bed and its potassium-
containing components cannot be used for the
binding of sulfur oxides.

Speaking of the emission of sulfur oxides, it
should be noted that the similar phenomenon was
already observed by other researchers [20] during
combustion of anthracite culm.
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The burning of the straw pellets was happening
at the gas temperature of 605-625C at furnace exit
(Figure 13).

100 200 300 400 500 500 700 800 900 T,¢

Figure 13. The temperature change of furnace
gas at furnace exit during combustion of straw
pellets.

The excess air coefficient at furnace exit (Figure
14) is supported at a higher level; the same during
combustion of anthracite culm (o = 2,1 - 2,2).

Figure 14. Oxygen content change in furnace gas
at furnace exit during combustion of straw pellets.

As can be seen from figure 15, the burning of
straw pellets in the experimental furnace with
fluidized bed is accompanied by an extremely low
emission of CO in the atmosphere (100 — 160 mg/m?
when the concentration of oxygen in flue gases
equals 6 % or 52 — 84 mg/m® when the
concentration of oxygen in the flue gas equals 11.4
%).

CO, mg/6%/(

190

170

150
130 M
110
a0
0

Figure 15. Carbon monoxide content change in
furnace gas at furnace exit during combustion of
straw pellets.

When burning the straw pellets, the content of
nitrogen monoxide ranges from 500 — 600 mg/m?
(figure 16) or from 260 — 315 mg/m* when oxygen
concentration equals 11.4%. The average
concentration of NOx is 750 mg/m3 (Figure 17) or
394 mg/m® when the concentration of oxygen in
combustion gases equals 11,4%.
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Figure 16. Nitrogen monoxide content change in
furnace gas at furnace exit during combustion of
straw pellets
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Figure 17. Nitrogen oxides content change in
furnace gas at furnace exit during combustion of
straw pellets.

The content of sulfur oxides during combustion
of straw pellets was almost equal to zero.

4 Conclusion

Conducted studies of changes in the values of
local heat transfer coefficients in a fluidized bed
allowed to choose the type of air entry distribution
as the optimum for combustion solid fuel with a
high volatile matter content and solid fuels with
small particles.

Selected type of air entry distribution supplying
the major portion of air near the furnace wall. It
provides intensive circulation of solid particles and
gas in the bed.

This intense circulation provides almost
complete combustion of the volatile matter in the
bed volume and low emissions of carbon monoxide
in the atmosphere by burning biofuels.

On the other hand, the intense circulation of
particles in the bed creates conditions for stable
ignition and combustion of anthracite culm, which is
low reactivity and high ash fuel.
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