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Abstract

Aiming at the optimization of the dust removal process in the poly-generation system of
circulating fluidized bed (CFB) combustion/coal pyrolysis, a granular bed filter (GBF) is applied
to the coal pyrolysis by solid heat carrier. By carrying out lab-scale experiments with a moving-
bed pyrolyzer, the GBF model used to describe the dust removal process of the dust-contained
volatiles which has high temperature and high viscosity. The model applicability for real
pyrolysis volatiles was verified. The results show that, the particle size distribution of the dust
uncollected by the GBF is relatively concentrated. The majority particle size of uncollected dust
is less than 20 um, the mass fraction is ~80%. The GBF is in a state of unsteady operation in the
process of dust filtration. With the increase of operating time, the dust is gradually deposited in
the GBF, then resulting in an increase of bed pressure drop. In the examined range, the
calculational value of GBF efficiency is slightly lower than the experimental value. On the one
hand, the filter media particles have a certain specific surface area, so that part of the dust-
contained tar can be adsorbed on the filter media surface to achieve a better interception effect.
On the other hand, the dust particle deposited in the GBF also plays an important role in dust
capture. The model results of the initial filtration efficiency can be used as the selection reference
of the medium species and the physical properties of the GBF. The higher filter height, slower
superficial gas velocity, and smaller size of medium are conducive to decrease the dust content in
the pyrolysis products. This study can provide basic data for the dust removal process in the
poly-generation system of CFB combustion/coal pyrolysis.

Inarrtial collision

Introduction

In recent years, the staged conversion of coal quality has become an important development
direction for the clean and efficient utilization of coal resources. The moving-bed coal pyrolysis
technology has been paid much attention by researchers because of its stable operation, uniform
heating and easier reactor amplification. Moreover, the circulating fluidized bed (CFB)
combustion technology which is characterized by wide fuel flexibility, high processing load and
low pollution has been developed greatly. This lays a foundation for the industrialization process
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of the poly-generation technology which combines CFB combustion with coal pyrolysis. In the
poly-generation process, the hydrogen-rich component of coal is converted to gas and tar in the
pyrolysis reactor, and the remaining carbon-rich component is fed into the CFB boiler to
generate electricity and supply heat. Therefore the staged conversion of coal quality is realized.
The poly-generation technology of CFB combustion/coal pyrolysis has broad application
prospect. However, due to the circulating ash from CFB boiler is used as heat carrier, the dust
content in pyrolysis volatiles is very high. The dust deposits in the tar will form intractable tar
residues and then brings operating problems such as pipeline blockage and corrosion. Therefore,
the dust removal performance of high-temperature pyrolysis volatiles affects directly on the tar
quality and the stable operation of the poly-generation system. Moreover, in the currently
developed technologies of other rapid coal pyrolysis, same problems are also common: dust is
difficult to separate from the gas/tar, high dust content in tar, etc. Dust removal of coal pyrolysis
volatiles has become one of the bottlenecks in the development of the fast pyrolysis process. For
the coal pyrolysis volatiles, due to its characteristics of complex composition, high temperature,
easy condensation of tar, and large dust content, the dust removal technology for volatiles has a
certain particularity. This requires the dust collector of coal pyrolysis volatiles has the following
characteristics. (1) The dust collector can sustain the high temperature of >400 °C, and can resist
the equipment corrosion by tar steam, H,S, and NHj3 in the volatiles. (2) In order to avoid the
system failure, the temperature of the dust collector should not be lower than the pyrolysis
temperature. Otherwise, the condensation of high viscosity tar together with dust will form tar
residue and block the piping system. (3) In order to prevent the secondary cracking of tar steam,
the residence time of volatiles in dust collector should be very short. (4) The collector should
keep high dust removal efficiency, so that the dust content in the gas and tar will be decreased.
Though the cyclones, scrubbers and electrostatic precipitators are effective method for gas and
solid separation, however, these methods are not suitable for the coal pyrolysis volatile which
has not only high temperature but also rich tar. In recent years, with the development of the
integrated gasification combined cycle (IGCC) and pressurized fluidized bed combustion
(PFBC), the granular bed filter (GBF) is increasingly emphasized because of its advantages, such
as the high filtering efficiency, stable operating pressure drop, suitable for the high-temperature
gas filtration, filter media can be recycled, etc.

A evaluated the relationship between the filtration performance and a uniform gas flow in a
moving granular bed filter (MGBF). The result showed that the filtration efficiency is improved
when the gas flow becomes more uniform. In a cross-flow intermittent MGBF, A simulated the
dust particles in the gaseous flow respectively by glass microspheres and precipitated silica, it
was found that the total collection efficiency varies from 82.0% to 99.8%. Used the nickel-based
catalysts as the medium of granular bed filtration and tar catalytic reaction, and preliminarily
revealed the interrelationship between dust deposition and the deactivation mechanism of
catalyst. However, the research did not concern about the filtration efficiency of the granular
bed. When GBF is used for filtration of high temperature and dust-contained volatiles, the dust
trapping mechanism of filter media is very complex, involves not only interception, inertial
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collision, sedimentation, and Brownian diffusion, but also the adsorption and adhesion of dust-
contained tar on the surface of the filter media. Therefore, the application of granular bed deep
filter in the dust removal of high-temperature coal pyrolysis volatiles has not been reported.
Researchers have also proposed many different mathematical models for the GBF theory.
However, because the deep filtration of granular bed involves the fluid mechanics theory of two-
phase fluid through the porous medium, it is really an extremely complicated physical process.
Moreover, the filtration process of GBF has a certain randomness so that the experimental data is
difficult to obtain accurately. Therefore, the present reports on the filtration process of GBF can
only stay at the semi-empirical and semi-theoretical level. More importantly, the existing
researches mainly focus on the mathematical model of cold experiment. The separation behavior
of gas and solid in the high-temperature, high-viscosity and dust-contained gas has been rarely
reported. The prediction data of industrial dust removal for pyrolysis volatiles is still need to be
verified. It is of great significance to investigate the dust removal effect and operation state of
GBEF in the coal pyrolysis process as well as the model applicability for real pyrolysis volatiles.
This study focused on the dust collection of volatiles in the poly-generation system of CFB
combustion/coal pyrolysis. The GBF was applied to the dust removal of coal pyrolysis products
by using CFB ash as solid heat carrier. By applying the model calculation of C. Besides, the
filtration results at different filter medium, granular bed heights, superficial gas velocities, and
medium sizes were discussed, respectively. This work makes a better understanding of the dust
removal of pyrolysis volatiles in the poly-generation system of CFB combustion/coal pyrolysis,
and may provide the reference for the industrial-scale steady operation of the poly-generation
equipment.

Experimental section

Experimental materials

Coal (mean diameter 3 mm) is used to carry out the dust removal experiment in the moving-bed
pyrolysis system. The proximate and ultimate analyses are shown in Table 1. Particle size
distribution of the raw coal is shown in Table 2. Prior to the experiments, the coal sample was
dried at 100 °C for 6 h. The circulating ash heat carrier was taken from a power plant with a
capacity of 35 t h™* CFB boiler. In the selection of filter medium, the authors found that the
semicoke with small size (~2 mm) is prone to be pulverized during the operation process.
Compared with the small quartz sand, the quartz sand with large size has a relatively high price
and limited source which makes it almost does not have industrial application value. Therefore,
from the perspective of industrial application, the semicoke (mean diameter 8 mm) and quarts
sand (mean diameter 2 mm) were respectively selected as the GBF media in this study, the
related parameters are shown in Table 3.

Table 1 The proximate and ultimate analyses of coal sample

Proximate analysis/wt%o Ultimate analysis/wt%

O
Magd Aad |Vad [FCad|Cdar |Haaf| Ndaf| Sda 2 o
10.24 6.67(33.66(49.43|76.71/6.01/0.5115.26 151
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Proximate analysis/wt%o Ultimate analysis/wt%
0]
Moad Aad Vad |FCad|Cuaf |Hdaf| Ndaf| Sdar 2o

a By difference; ad, air dry; daf, dry ash free; M, moisture; A, ash; V, volatile matter; FC,
fixed carbon.

Table 2 Particle size distribution of the raw coal

Size dp/mm |2-3 |0.8-2(0.28-0.8|0.125-0.28/0.088-0.125 [0.05-0.088|<0.05

Weight w/%17.39(33.32|127.41  |11.28 3.46 3.06 4.08

Table 3 Characteristics of granular bed filter

Samples | Density (g m™) |Sphericity |Average granular size (mm)|Void fraction

Quarts sand|2.65 x 10° 0.87 2 0.40
Semicoke |6.50 x 10° 0.78 8 0.45

Experimental apparatus and procedures

The coal pyrolysis experiments by solid heat carrier were performed in the moving bed as shown
in Fig. 1. The total height of the apparatus is ~7 m, which is mainly composed of a coal feeder
(@ 133 x 6 x 1500 mm), a heat carrier feeder (& 159 x 6 x 2000 mm), a moving-bed pyrolysis
reactor (& 159 x 6 x 1800 mm), a material mixer (& 159 x 6 x 600 mm), and a GBF (& 159 x 6
x 600 mm), etc. Seven temperature measuring points were set up along the bed height of the
reactor. The pressure drop of the GBF was observed by the difference of two pressure measuring
points which were equipped in the inlet and outlet of the GBF, respectively. Before the test was
carried out, a certain amount of ash was added in the moving bed reactor to maintain the material
level of the running process. The inert environment of the pyrolysis system was maintained by
nitrogen. 10 kg coal and 40 kg circulating ash were added to the coal feeder and heat carrier
feeder as experimental materials, respectively. After the ash and coal were preheated to 820 °C
and 100 °C respectively, the two materials were rapidly mixed and fell into the moving-bed
pyrolyzer. The moving-bed reactor was heated to make up for the heat loss by electric heating. In
order to prevent the condensation of heavy tar in the GBF, the preheating temperature of the
GBF was consistent with the reaction temperature. The dust-contained volatile was first purified
in the GBF, and then condensed in the water cooler, separated in the gas-liquid separator.
Finally, the non-condensable gas entered the gas collector after the measurement of the gas
meter, and the tar was fully collected by the tetrahydrofuran rinse of the water cooler, gas—liquid
separator and pipelines. The particle size of the trapped dust by GBF and the residual dust in tar
was determined in a laser particle size analyzer . Considering the randomness and repeatability
of the dust removal process, each experiment in this work was repeated three times.
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Fig. 1 Schematic diagram of the pyrolysis and dust filtration system.

Mathematical model

The calculation method of granular bed filtration is used in this study. The fixed-bed layer is
divided into many sequential filter units, and each unit contains a large number of individual
filter bodies. Assuming the size of all the individual filter bodies are uniform, then the unit filter
efficiency (») is equal to the collection efficiency of the individual filter body. The relation
between #n and the total collection efficiency (E) can Dbe expressed as

|
_ H( n Y3
E=1-exp| -
“P[ .:Js(ﬁ—rmj ""]
(1)

The unit filter efficiency # is constantly changing with the filtering process. The correlations are

Fla.o)= L7 o,

presented as % (2) ou = (342 x 107 + 0.292 x Ng™) x Ng** (3)

o, = {Lzﬁln[#] -0.23
T (4) (Nr>0.004, 0.001 < Nst <0.02)
The specific deposit ¢ in egn (2) is defined as the dust deposition volume in the unit volume of

the granular bed. In a fixed-bed filter model, the expression is as follows

I ‘({CI. _('IEIT]H"‘;L'
—_— | — E k4

: dt
rhud : an (5)

Considering the mechanisms of interception and sedimentation as well as the rebound effect of

the dust particles, a calculational model of the initial value of unit filter efficiency 7, can be
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described by (6) (Nr < 0.002, Ngt < 0.01)
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(8) (Nr > 0.002, Nst > 0.01) where, B is the effect of
Reynolds number on the unit filter efficiency, y is an adhesion probability parameter which
considered the rebound effect of the dust particles. The correlations®® of B and y are respectively
presented as B =7 — 6 exp(—0.0065 x Nge) (9) 7 = 0.00318 x Ng; *** (10)
The eqn (2)—(4) refer to the filtration of monodisperse suspensions. In order to solve eqn (1)-
(10), the diameter of dust particles d, is calculated by the weighted average of particle size
distribution in Fig. 2.
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Fig. 2 Size distribution of collected and uncollected dust particles by granular bed (reaction
conditions: semicoke particle as filter medium, T = 600 °C, H = 300 mm, izg = 0.018 m sh.
Results and discussion

Dust particle size and operating pressure drop of the GBF

Because the circulating ash and coal particles have a certain size distribution, and part of the coal
particles will be broken in the pyrolysis process, the smaller particles are very likely to be taken
out of the reactor and then entry into the GBF. One part of the dust particles is collected in the
GBF, and the uncollected part is deposited in the cooling system. Fig. 2 shows the size
distribution of the collected and uncollected dust particles by the GBF. It can be seen that, the
size distribution of the dust particle captured by the GBF is relatively wide. About 95 wt% of the
collected dust particle size is distributed in 0-80 um. However, the size distribution of the dust
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particles uncollected by the GBF is relatively concentrated. The majority particle size of
uncollected dust is less than 20 um, the mass fraction is ~80 wt%. The result indicates that the
particle smaller than 20 um is difficult to be trapped by the GBF. The uncollected dust in the
particle size range of 80-160 um accounts for ~10 wt%. The possible reason is that, the
uncollected dust is obtained by the tetrahydrofuran dissolution of tar and the separation of filter
paper successively. Some insoluble tar macromolecules may be adsorbed on the surface of the
dust particle, so that the detected dust particle is slightly larger.

In the running process of the GBF, the pressure drop of quartz sand and semicoke particles as the
GBF medium is respectively shown in Fig. 3. It is obvious that the GBF is in a state of non-
steady state operation. This is because with the increase of operating time, the amount of
deposited dust in the GBF increases gradually, which leads to the increase of the pressure drop in
the GBF. Compared with the semicoke particle, the pressure drop of the quartz sand is higher
when it is filled as the GBF medium. At the operation time of 22 min, the difference of the
pressure drop between the quartz sand and semicoke is 488 Pa. This is mainly related to the
smaller particle size and bed void fraction of the quartz sand. In the operations of long-time
experiment, an air pump can be set up after the dust removal system to offset part of the pressure
drop in the GBF. Therefore, the pressure drop can be stabilized at a lower value and the volatiles
can flow out steadily.

80F o Quewtzsand /

—a— (lewr /

0 4 8 2 16 2 24
“Time/ min

Fig. 3 Effect of particle characteristics on pressure drop of granular bed (reaction conditions: T =
600 °C, H = 300 mm, iy = 0.018 ms™").

Comparison of different filter media on the filter efficiency

The characteristics of filter media is an important factor that affects the dust removal behavior of
the GBF.*Fig. displays the experimental and calculational results of the dust collection by using
the quartz sand and semicoke as the filter media. It can be seen that the calculational values of
the two filter media efficiency are slightly lower than their corresponding experimental values.
After the filtering process, the quarts sand and semicoke after dust cleaning were washed by
tetrahydrofuran. It can be seen that the dust coupled with heavy tar flow from the filter media.
The tar content from the semicoke was more than that from the quarts sand. Therefore, the
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difference in the values of the filter efficiency between the model prediction and experimental
data can be attributed to two aspects. On the one hand, this is because the filter media particles
have a certain specific surface area, so that the sticky tar-adsorbed dust can be adhered to the
filter media surface to achieve a better interception effect. On the other hand, the dust particle
deposited in the GBF also plays an important role in dust capture. The experimental value and
calculational value of the GBF efficiency are respectively 70.03% and 62.56% with the semicoke
as filter medium. However, the experimental value and calculational value of the GBF efficiency
are obviously raised to 92.40% and 88.96% when the quartz sand is used as the filter medium.
Combined with the results of Fig. 3, although the filter efficiency is better with the quartz sand as
the filter medium, but the pressure drop is also higher. In the industrialization process of the CFB
combustion/coal pyrolysis poly-generation technology, due to the pyrolysis furnace is operated
in a state of micro-positive pressure, it requires lower pressure drop of the GBF to reduce the
energy consumption of the system. Therefore, the selection of the filter media is very important
for the economic and stability of the GBF operation. Furthermore, in the view of the whole poly-
generation process, semicoke discharged from the filter can be directly added into the CFB
combustor used as boiler fuel so that the regeneration process will be leaved out. This makes the
system easy to operate. Therefore, semicoke is used as the filter medium in the following model
calculation and experiment.

100} ] Experiment
Mbdel

.

Filter efficiency (%)
=

¥

0 : ]
Quoartz sond Char

Fig. 4 Effect of particle characteristics on filter efficiency of granular bed (reaction conditions: T
=600 °C, H =300 mm, 77, = 0.018 ms ).

By applying the GBF to the dust removal of coal pyrolysis volatiles, fine particle concentration
of the gaseous volatile decreases from the filter inlet of 24.37-40.00 g Nm to the filter outlet of
3.04-9.26 g Nm—. When the volatile flows through the condenser, the majority of dust is
deposited together with the sticky tar. The dust content in tar product can be reduced to ~1%,
while the pyrolysis gas has hardly any dust. Combined with water washing of pyrolysis gas
before the desulfurization and denitrification process, the pyrolysis gas can be easily cleaned. For
such a CFB combustion/coal pyrolysis poly-generation technology which has great deal of dust
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in the volatiles, the application of the GBF can reduce dust content both in coal tar and
condensation system significantly.

Effect of operating parameters on the filter efficiency

In this study, the superficial gas velocity of the GBF is adjusted by changing the feed rate of the
pyrolysis reactor and then resulting in the volume change of the pyrolysis volatiles. The
determination of the superficial gas velocity in the GBF consists of the following assumptions:
the non-condensable gas generated by the pyrolysis experiment is approximated as the ideal gas.
The contribution of tar vapor to the superficial gas velocity is ignored. Fig. 5a shows the effect of
superficial gas velocity on the experiment and model values of the filter efficiency. It can be seen
that with the increase of gas velocity, the filter efficiencies of experiment and model prediction
both decrease slowly. The effect of the granular bed height on the filter efficiency is shown in
Fig. 5b. With the increase of the filter height, the dust removal efficiency of the GBF is
significantly improved. When the filter heights are 200, 300 and 400 mm, the corresponding
experimental values of filter efficiency are 61.08%, 70.03% and 77.88%, and the calculational
values of filter efficiency are 49.46%, 64.07% and 74.46%, respectively. Although there are
some deviations between the experiment and model values, it can be deduced that the present
model can generally reflect the real trend of dust removal efficiency for dust-contained coal
pyrolysis volatiles.

Model prediction of filter efficiencies and pressure drop for the optimization of dust
removal

The model can be used as a reference for the optimization and amplification of dust removal in
GBF. Fig. a shows the effect of particle size on the filter efficiency and pressure drop. When the
semicoke size decreases from 10 mm to 6 mm, the filtration efficiency of GBF significantly
increases from 58.77% to 90.90%. Furthermore, when the semicoke size decreases from 6 mm to
1 mm, the filtration efficiency smoothly increases from 90.90% to 100%. This is due to the fact
that the smaller semicoke size has decreased Reynolds number (Nge) and increased intercept
parameter (Ng) at the same time. The viscosity effect of dust-contained fluid is more significant,
and the intercepting effect of filter media is strengthened. Otherwise, due to the increase of
Stocks number (Ns;), the streamline motion paths of dust particles evolve into curves gradually.
Dust is much easier to bypass the medium obstacles. Therefore, considering the above two
aspects, the influencing degree of particle size on the filtration efficiency and pressure drop are
weakened when the particle size is less than 6 mm. However, as the particle size decreases from
10 mm to 1 mm, the bed pressure drop increases from 114.3 Pa to 1391.7 Pa. As a result, it is
more appropriate to select the semicoke size of about 6 mm when take into account both
filtration efficiency and bed pressure.

Conclusions

The dust removal of pyrolysis volatiles is one of the technical bottlenecks in the industrialization
process of the CFB combustion/coal pyrolysis. This study applied the GBF to CFB combustion
combined with coal pyrolysis system. By carrying out the lab-scale moving-bed coal pyrolysis
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experiment, the model applicability for the real pyrolysis volatiles which has high temperature,
high viscosity, and a large amount of dust was verified. The dust removal characteristics of the
GBEF at different filter media, granular bed heights, superficial gas velocities, and medium sizes
were investigated, respectively. The major conclusions are summarized as follows:

The dust in the particle size range of 0-20 pm is difficult to be trapped by the GBF. With the
increase of operating time, the pressure drop of the GBF increases gradually. The higher filter
height, slower superficial gas velocity, and smaller medium size are conducive to decrease the
dust content in the pyrolysis volatiles. Because of the sticky tar-adsorbed dust is inclined to
adhere to the filter media surface, the prediction value of the filter efficiency is slightly lower
than the experimental value. The model results of the initial filtration efficiency can be used as
the selection reference of the medium species and design parameters for GBF. This study can
provide reference for the industrial-scale design and development of the dust removal technology
in the poly-generation system of CFB combustion/coal pyrolysis in the future.
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