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ABSTRACT: To improve the cleanliness of coal-fired power
plants’ particulate matter emissions, a novel device (single-channel
slit bubbling particle removal device (SCSB-PRD)) is proposed to
improve the wet flue gas desulfurization system’s (WFGDs)
collaborative particle removal effect. Actual coal-fired flue gas was
used to test the particle removal performance. The results showed
that the flue gas temperature had no obvious effect on the
scrubbing effect of the SCSB-PRD. The scrubbing space, scrubbing
liquid volume, and flue gas flow rate effectively changed the gas−
liquid flow state, and the bubbling state was the key factor in
particle removal. The jet-bubbling contact state was more
conducive to removing particles than the foam bubbling state.
The jet-bubbling state improved the removal efficiency of fine
particles by approximately 30% compared to the foam bubbling state. The device operated in a single stage, and the removal
performance of the particulate matter reached more than 60%. Even the submicron particles had a satisfactory removal performance
of greater than 50%. The particulate matter concentration at the outlet of the WFGDs was reduced to less than 10 mg/m3, which
provides a feasible transformation path for ultraultra-low emissions of particulate matter from coal-fired power plants.

1. INTRODUCTION
Beginning in 1882, the demand for coal energy surged when
the first coal-fired power plant was developed by Edison in
New York City. Coal was burned to produce high-pressure
steam that was passed into a turbine to generate electricity.1

Coal continues to be the backbone source of our primary
energy. In the World Energy Outlook 2021 publication, the
share of coal in 2020 of the world’s total energy supply reached
26.45%.2 China accounted for over 50% of the global coal
consumption in 2020 due to the country’s energy structure and
unfinished clean energy transition.3

China has released a series of policies to promote its energy
consumption structure transition to clean energy.4−6 However,
energy consumption structure reform requires huge techno-
logical innovations and enormous financial support, and it will
take a considerable amount of time to accomplish the
transition. The State Grid Energy Research Institute prediction
results showed that in 2035 and 2050, the share of China’s
coal-fired power generation will be 42.7 and 8.4%,
respectively.7

Particulate matter (PM), which is a complex mixture of
small particles found in coal combustion products, flows into
the flue gas. An increased ambient PM concentration has been
associated with increased respiratory diseases, lung cancer, and
an increased incidence of stroke and heart attacks.8−10 The

Institute for Health Metrics and Evaluation stated that the
estimated deaths in China attributed to ambient PM pollution
exposure in 2019 were more than one million.11

In response to the enormous damage caused by PM, China
has released a series of policies to guide domestic air PM
concentration reductions.12−14 In 2015, China issued the
harshest ever coal-fired power plant pollution ultralow
emission standard,15 with a PM emission concentration of
<10 mg/Nm3. The national average PM2.5 concentration in
China declined from 72 μg/m3 in 2013 to 33 μg/m3 in 2020,
and the PM10 concentration declined from 118 μg/m3 in 2013
to 56 μg/m3 in 2020, both displaying a decrease of more than
50%.16 However, in the air quality guidelines released by the
World Health Organization, the PM2.5 air quality guideline
level was set at 5 μg/m3, and PM10 was set at 15 μg/m3.17 This
means that more stringent restrictions are required to control
PM pollution in China.
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In a coal-fired power plant, the primary PM emission control
technologies include electrostatic precipitators or fabric filter
(FF) dry PM removal technology, wet flue gas desulfurization
(WFGD) system synergistic PM removal, and wet electrostatic
precipitators (WESPs).18 These are required for an ultraultra-
low emission control technology route. Until 2030, the PM
emission concentration from a coal-fired power plant will be
less than 1 mg/Nm3, achieving ultralow standards.19

In an explanation of the compilation of the Jiangsu Province
Emission Standard of Air Pollutants for Thermal Power Plants,
the PM removal efficiency of the WESPs installed in coal-fired
power plants in Jiangsu Province was approximately 90%.20

The Huadian Electric Power Research Institute21 tested the
PM emissions at the inlet and outlet of the WESPs in 26
ultralow emission units, and the results showed that the PM
removal efficiency of the WESPs was approximately 90%.
Hence, to achieve ultraultra-low PM emission standards, it is
necessary to ensure that the concentration of particulates at the
outlet of a WFGD system is below 10 mg/Nm3. However,
according to the Huadian Electric Power Research Institute
test results, in an explanation for the compilation of the Jiangsu
Province “Emission Standard of Air Pollutants for Thermal
Power Plants”21,22 and statistics from publications, the results
showed that the concentration of particulates at the exit of an
existing WFGD device was 15−20 mg/m3. Therefore, to
achieve ultraultra-low PM emission standards, it is necessary to
strengthen the PM removal efficiency in WFGD systems, and
the PM concentration in a WFGD outlet must be less than 10
mg/m3.
The mechanism of particle removal in a WFGD system

occurs when the flue gas and spray droplets are in reverse flow,
and the PM that is entrained by the flue gas is trapped by the
droplet due to its contact with the droplet surface.23,24 The PM
flow is affected by the particle inertial force, Brownian motion,
the thermophoretic force, the diffusional force, the drag force,

and interception.25−27 Rafidi et al.28 simulated PM removal
with a WFGD system using the computational fluid dynamics
method. The results showed that an unsatisfactory PM removal
performance occurred when the particle diameter was within
0.1−2 μm. Huang et al.29 used the Monte Carlo method to
simulate PM removal by droplets in a WFGD system. They
found that the PM removal efficiency decreased with an
increase in the droplet size. The Brownian motion mechanism
dominates the PM removal when the particulate diameter is
less than 0.01 μm. The inertia mechanism dominates the PM
removal process when the particle size is greater than 2 μm. To
achieve a high PM removal performance, a fine mist droplet
removal technology was invented. Liang et al.30 designed three
spray nozzles for PM removal, and the droplet diameter was
less than 1 mm to achieve a high PM removal. However, the
existing WFGD devices have a weak PM removal efficiency
due to limitation of the droplet size. When the droplet size is
less than 2 mm, the droplets will be entrained by the flue gas
and escape, forming the “gypsum rain” phenomenon. The
escaped droplets are a primary source of PM.31−33 Therefore,
reducing the droplet size to strengthen PM removal is not
suitable for WFGD devices.
Under this circumstance, researchers investigated the

particle capture performance in another gas−liquid flow
state, bubble flow. Particles are trapped by the bubble while
particles move to the gas−liquid interface due to the drag
force, the inertial force, the Brownian force, and the
thermophoresis force.34−37 The bubble flow is inconsistent
with the droplet flow, where there are no size limitations for
the bubbles.
In industry, the most commonly used bubbling devices

include a bubble column, a sieve tray tower, a bubblecap tower,
a fixed valve tray column, and a vortex scrubber.38−42 The
common feature of these devices is that the gas that flows
through the bubbling structure (slits and holes) interacts with

Figure 1. Schematic of the experimental pipelines, instruments, and devices.
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the liquid and generates bubbles. Terasaka et al.43 investigated
the effect of the bubble morphology using a slits and holes
structure. The results showed that the structure of the hole
tended to generate larger bubbles that had smaller specific
surface areas, while the bubbles generated by the slit were
smaller and more uniformly distributed than those generated
by the hole structure. The slit structure was more conducive to
PM purification.44,45

To achieve the PM ultraultra-low emission standard, new
technology desperately needs to be developed. In this study, a
slit bubbling structure is developed and designed to purify the
PM in a coal-fired flue gas WFGDs. In order to investigate the
performance and mechanism of the device on the actual flue
gas particulate removal, the actual coal-fired flue gas is used to
carry out experimental studies on particulate removal to obtain
the optimization of the parameters of the bubbling device and
the removal mechanism. The structure of this article is as
follows. Section 1 is the introduction. Section 2 presents the
experimental details, including the experimental device, and
the measurement technique. Section 3 presents an analysis of
the experimental results including a reliability verification of
the experimental results and the influence of the experimental
parameters on the particle capture performance. The
conclusion and discussion are provided in Section 4.

2. EXPERIMENT
2.1. Experimental Setup. The flue gas was provided by a

circulating fluidized bed boiler (CFB), as shown in Figure 1.
The flue gas from the CFB passed through the FFs and
WFGDs. The flue gas with approximately 50,000 N m3/h was
provided by CFB coal combustion. Due to the relatively
cleaner anthracite coal source and relaxed emission standard
for industrial boilers, the NOx concentration met the emission
standards without direct purification. While the flue gas carried
particles that passed through the FFs, the coarse particles were
removed and the flue gas entered the WFGDs for
desulfurization. The flue gas was then purified and emitted
into the atmosphere. A total of 20−80 N m3/h of flue gas
flowed out through an induced draft fan between the FFs and
the WFGDs and then flowed into the particle removal device
(PRD). The flue gas entered the primary flue pipeline after
being purified by PRD. In the practical application of a power
plant, the device can be installed inside the WFGD unit to
improve the particle removal efficiency.
The induced draft fan, the experimental device, and the

pipeline depicted in Figure 1, introduced particles and flue gas
into the PRD through the pipeline. The induced draft fan (Y5-
47, Taizhou Junlan Electromechanical Co. Ltd., China)
included an atomizer (Dongguan Jieyuan Spray Equipment
Co., Ltd., China), a frequency converter (EV-4300, Delta
Electronics, Inc., Taiwan), a ball valve (Wenzhou Hegu
Trading Co. Ltd., China), a pitot tube flowmeter (H8000B,
Hangzhou Electronic Market Dingwang Electronic Firm,
China), a differential pressure gauge (Pushida Sensing
Technology Co., Ltd., China), a hygrothermograph (CJ 602,
Yueqing Beita Electric Co. Ltd., China), and an inlet pump and
drain pump (60W electric micro diaphragm pump, Ningbo
Leicheng Pump Co., Ltd., China). The flue gas flow rate could
be adjusted from 20 to 80 N m3/h using a frequency converter
and ball valve. The flue gas temperature and humidity could be
adjusted using a cooling coil and an atomizer spray controlled
by a peristaltic pump. The flow rate was monitored using a
pitot tube flowmeter. A hygrothermograph and differential

pressure gauge were installed in the single-channel slit
bubbling particle removal device (SCSB-PRD) flue gas inlet
and outlet to monitor the flue gas temperature, humidity, and
system pressure drop. The inlet pump and drain pump were
responsible for the SCSB-PRD scrubbing water level control. A
pitot tube flowmeter was used for flue gas flow flux monitoring.
Sample points were located in the SCSB-PRD front and rear
for the equi-velocity sampling of PM. The above devices were
established to explore the particle removal performance of the
SCSB-PRD.
Figure 2 depicts the geometric details of the SCSB-PRD.

The flue gas entrained with particles entered the particle

scrubbing device through a 20 mm high slit, arousing a large
number of bubbles. The scrubbing device consisted of a
scrubbing pool, and the primary characteristic parameters
consisted of the initial scrubbing liquid volume, that is, the
length (L), width (W), and height (H).
In the experiment, tap water at 25 °C was used as the

scrubbing liquid, the flue gas temperature in the FF outlet was
approximately 120 °C, the relative humidity was approximately
10%, the SO2 concentration was approximately 200 mg/m3,
and the PM concentration was approximately 25 mg/m3.
For the newly developed PRD, SCSB-PRD was installed in

the outlet of the WFGD, below the mist eliminators. The
designed system used an additional circulation system through
water scrubbing, and the SCSB-PRD was a component of the
bubble cap tray scrubbing device. The detailed structure and
installed position can be seen in Figure 3. However, the slit size
of the SCSB-PRD was selected to be the classic bubble cap tray
slit size, which was not considered in this work.

2.2. Measurement Technique. The Andersen cascade
impactor was selected for PM concentration monitoring in this
study, because of its high reliability and accuracy. A schematic
of the Andersen cascade impactor (TE-20-800, TISCH
Environmental, Inc., OH, USA) sampling device is shown in
Figure S1a. It consisted of a PM sample gun, an Andersen
cascade impactor, a flow control valve, a float flowmeter, and a
vacuum pump (maximum flow: 28.3 L/min). Anderson
cascade impactors have eight stages of particle size
classification (0.43−9 μm), and particles that are larger than
10 μm in diameter are cut by the preseparator. The Andersen
cascade impactor was developed from particles classified by the
human respiratory tract based on particle aerodynamics.46,47

PM deposition varied with the particle size, shape, density, and
physicochemical properties of the particles that constitute the
aerodynamic dimensions (Figure S1b).
The Andersen cascade impactor method for particulate

matter sampling is widely used in the literature to classify

Figure 2. Geometric diagram of the SCSB-PRD.
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particulate matter sampling, and its accuracy has been
extensively verified in the literature as a very effective and
accurate method of classifying particulate matter for
sampling.46,47

The Anderson cascade impactors consist of a preseparator
size selective inlet (>10 μm), seven orifice stages, nine
substrate collection plates, one filter stage, and base plate.
When sampled flue gas flow through the impactor, the multiple
orifice jets on each stage direct particles toward an impaction
surface directly below each orifice. The impaction surface is
referred to an 81 mm diameter quartz microfiber filter. The
aerodynamic characteristic of a particle is determined by
impact behavior. All particles with insufficient inertia to break
out of the sample flow streamlines to be impacted on the first
collection plate will follow the flue gas through the exhaust
vents and into the following stage. It will then either be
impacted on the next collection plate or passed to the
succeeding impactor stage. The jet velocity of each succeeding
orifice stage increases until the back-up filter collects the
submicron particles by filtration.

3. RESULTS AND DISCUSSION
3.1. Experimental Reliability Verification. 3.1.1. Partic-

ulate Matter Deposition Loss in the SCSB-PRD. Given the
deposition of PM in the pipeline and the SCSB-PRD, the
device itself has a certain ability to remove PM without the
addition of a scrubbing liquid. Hence, a PM deposition loss
experiment was conducted in this study. As shown in Figure 4,
the naming rule was X-Concentration, where X represents the
sample points (Points 1 and 2). The results showed that the
PM loss rate was extremely low (<10%) and could be ignored.
The particle size distribution before and after the SCSB-PRD
showed good consistency, which indicated that the reliable
sampling process and the device itself had little effect on the
particle removal performance.

3.1.2. Experimental Repeatable Verification Using the
Scrubbing Process. Because actual coal-fired flue gas was
extracted and used as the PM source in this particle removal
experiment, this resulted in the flue gas temperature, PM
concentration, and particle size distribution having certain
fluctuations attributed to the complexity of the combustion

conditions of industrial CFB. Different particle concentrations
and particle sizes have different capture efficiencies because
particles with different particle sizes have different motions and
capture mechanisms.35 Hence, it was impossible to replicate
each set of experiments. The experiments were repeated at
similar concentrations and consistent scrubbing experimental
conditions. The particle concentration at the SCSB-PRD inlet
was approximately 25 mg/Nm3, and the particle removal
efficiency was approximately 68% (Figure S2). While the
naming rule was X-Y-Concentration, where X represents the
experimental serial number (e.g., first, second, and third), and
Y represents the sample points (Points 1 and 2). The result
indicated the reliability and stability of the device’s particle
removal results.

3.2. Effect of the Flue Gas Temperature on the
Particle Removal Performance. Figure 5 shows the PM
removal performance of graded particle sizes at different flue
gas temperatures (70−90 °C). The flue gas relative humidity
was constrained to 10% at 100 °C. During the scrubbing
process, the bubbling space of the SCSB-PRD remained at
L37W150H40 (L = 37 mm and W = 150 mm), the initial
liquid height (H) remained at 40 mm; we adjusted the washing
liquid volume to remain essentially unchanged by adjusting the
inlet and drain pump, and the flow of the flue gas remained

Figure 3. Detailed structure and installed position of the bubble cap tray scrubbing layer.

Figure 4. Plot showing the particle loss characteristics in the SCSB-
PRD.
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constant at 65 m3/h. According to Figure 5, the flue gas
temperature had no significant effect on the scrubbing effect of
the SCSB-PRD. When the flue gas temperatures were 70, 80,
and 90 °C, the scrubbing effects were 64.03, 64.74, and
67.96%, respectively. The outlet PM concentration was less
than 10 mg/m3. When the flue gas temperature increased from
70 to 90 °C, the particle removal efficiency increased slightly.
The results indicated that under the premise of a small
temperature difference, the effect of particle thermophoresis on
the scrubbing process of the SCSB-PRD was limited, which
was similar to the results of a previous study.48

For large particle scrubbing (PM2.5−10), the removal
efficiency reached more than 60%. The overall removal
efficiency decreased with a decrease in the particle size, and
the removal efficiency of submicrometer particles was
unsatisfactory. Submicron particles belong to the penetrating
particle size range, and particles larger than 1 μm are strongly
affected by the inertial force26 and can move to the surface of
the bubble liquid film and be captured by the liquid film.35

3.3. Effect of the Scrubbing Liquid Volume on the
Particle Removal Performance. The bubbling space of the
SCSB-PRD device was W150H37. In the experiment, the
scrubbing volume was adjusted by adjusting the liquid level
height to explore the influence of different liquid volumes and
bubbling states on the particle removal performance. The
liquid level height, H, increased from 30 to 60 mm, and the
flue gas flow was 65 m3/h. As shown in Figure 6, with an
increase in the liquid−gas ratio, the overall particle removal
efficiency first increased and then decreased, and the particle
size with higher particle removal efficiency was >9 μm. As the

particle size decreased, the removal efficiency gradually
decreased due to the particle motion mechanism.
As shown in Figure 7, the gas−liquid bubbling flow state

could be divided into three types: the bubbling state, the foam
bubbling state, and the jet-bubbling state.49 The bubbling state
had a large bubble size and a large number of bubbles. The
bubbling state occurs only at a low flue gas velocity and is
relatively rare in the industry. The foam bubbling state and jet-
bubbling state were the primary gas−liquid flow states in the
SCSB-PRD. The primary feature of the foam bubbling state is
that a large number of bubbles are generated in the scrubbing
area and the primary removal mechanism of pollutants is
bubble internal-surface scrubbing. In contrast, the primary
feature of the jet-bubbling state is that a large number of large
and small bubbles are generated in the scrubbing area and the
liquid is agitated by the flue gas with a large flow rate. This
process partially generates fine droplets and purifies the flue
gas under the synergistic action of the bubbles and droplets.
When H = 30 mm, due to the low liquid−gas ratio, sparse

bubbles formed, the gas−liquid contact was unsatisfied, and
there was also an insufficient gas−liquid contact time. This
resulted in an overall poor particle removal efficiency, and the
removal efficiency of the full-size particles was less than 50%.
When H = 40 mm, the gas−liquid contact was more sufficient
and more bubbles and droplets formed. This enhanced the
removal ability of the full-size particles. When H = 60 mm, the
excessive ratio of liquid to gas caused inordinate resistance of
the scrubber, and the gas−liquid contact state changed from
the jet-bubbling to the foam bubbling state with a smaller

Figure 5. Effect of the flue gas temperature on the particle removal performance ((a): Tg = 70 °C; (b): Tg = 80 °C; (c): Tg = 90 °C; and (d):
comparison of removal performance at different temperature).
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interface contact area. Refer to the Supporting Information for
foam and jet-bubbling videos.
3.4. Effect of the Scrubbing Space on the Particle

Removal Performance. To explore the installation spacing
between the bubbling devices in the actual industrial
application of flue gas purification, the height of the liquid
level was maintained at 40 mm and the width of the bubbling
space of the SCSB-PRD device was maintained at W150 by
changing the length of the scrubbing space. The effect of
different bubbling states on the particle removal performance
was then explored. During the experiment, the flue gas
temperature was maintained at 90 °C, and the flue gas flow
rate was 65 m3/h.
The results are depicted in Figure 8. When the bubbling area

was W150L37, a jet-bubbling gas−liquid contact area was
formed in the longitudinal space. When the scrubbing liquid
increased, the flue gas velocity in the gas−liquid contact area
decreased and the high gas−liquid contact state changed from
jet-bubbling to foam bubbling with a smaller interface contact
area that reduced the particle capture efficiency. The removal
efficiency reached a gap of greater than 30%. As the scrubbing

space increased to L = 67 mm due to an increase in the liquid−
gas ratio and increased gas−liquid contact possibility, although
the gas−liquid contact state changed to the foam bubbling
state with a smaller gas−liquid contact area, the removal
efficiency increased with an increased liquid−gas ratio. As the
scrubbing space continued to increase to L = 77 mm, due to
the great scrubbing resistance, the gas−liquid contact state was
partially transferred from the foam bubbling state to the
bubbling state, resulting in a decrease in its particle removal
performance. Additionally, Figure 8 shows that the jet-
bubbling state had a higher fine particle (PM<10) removal
performance than the foam bubbling state.

3.5. Effect of the Flue Gas Flow Rate on the Particle
Removal Performance. To explore the effect of the flue gas
flow rate on the particle removal performance during the actual
application of the SCSB-PRD device, the scrubbing space was
maintained at L57W150H40, changing the flue gas flow
velocity to change the flow rate, and the gas−liquid scrubbing
state was in the foam bubbling state in the L57W150H40
SCSB-PRD. During the experiment, the flue gas temperature
was maintained at 90 °C.

Figure 6. Effect of the scrubbing liquid volume on the particle removal performance ((a): H = 30 mm; (b): H = 40 mm; (c): H = 60 mm; and (d):
comparison of removal performance with different scrubbing liquid volume).

Figure 7. Gas−liquid bubbling contact state.
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As shown in Figure 9, when the flue gas flow rates were 6
and 9.2 m/s, the flue gas flow rates were 42 and 65 m3/h,
respectively, when the gas−liquid state was in the foam

bubbling state. When the liquid−gas ratio increased, the flue
gas flow velocity decreased in the scrubbing area, and the gas−
liquid contact time increased, thereby improving the particle

Figure 8. Effect of the scrubbing space on the particle removal performance ((a): L = 37 mm; (b): L = 57 mm; (c): L = 67 mm; (d): L = 77 mm;
and (e): comparison of removal performance with different scrubbing space.

Figure 9. Effect of the flue gas flow rate on the particle removal performance ((a): V = 6 m/s; (b): V = 9.2 m/s; and (c): comparison of removal
performance with different flue gas flow rate).
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capture efficiency. Thus, under the same gas−liquid flow state,
an increase in the liquid−gas ratio was conducive to PM
purification.
3.6. Particle Removal Mechanism. The particle removal

mechanism is shown in Figure 10. The flue gas entrained with

particles entered the particle scrubbing device through a 20
mm high slit, aroused a large number of bubbles, and removed
particles by contacting the bubble internal liquid film due to
the particle motion mechanism that included the inert force,
Brownian motion, the diffusional force, the thermophoretic
force, and the drag force.35,50

4. CONCLUSIONS
In this work, to achieve the coal-fired flue gas PM ultraultra-
low emission goal, an SCSB-PRD based on the bubbling
characteristics of the wet scrubbing device was designed and its
particle removal performance was tested. Furthermore, the
influences of different scrubbing parameters (e.g., flue gas
temperature, scrubbing liquid volume, scrubbing space, and
flue gas flow rate) were explored, and the following
conclusions were obtained:
1. After installation of the SCSB-PRD device, the particle

removal efficiency reached greater than 60%, and the target
PM concentration at the outlet of the WFGD device was less
than 10 mg/m3. Hence, this work provides a feasible
transformation path for ultraultra-low emissions of PM from
coal-fired power plants.
2. When the temperature difference was not significant, the

flue gas temperature had no obvious effect on the SCSB-PRD
scrubbing effect. Therefore, the weak effect of thermophoresis
occurred for the enhanced capture of PM under the conditions
of a small temperature difference.
3. Compared with the foam bubbling gas−liquid contact

state, the jet-bubbling gas−liquid contact state was more
conducive to the removal of PM. The liquid−gas ratio and the
scrubber layout had significant influences on the particle
removal performance.
4. In comparison to the foam bubbling state, the removal

efficiency of fine particles in the jet-bubbling state was
improved by more than 30%. This was because the particle
removal method in the spray state consisted of cooperative
removal of the bubble liquid film coupled with fine droplets.
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