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ABSTRACT: According to the design and operational parameters of the cyclone liquid slag-discharging boiler, an experimental
platform for the cyclone burner was designed and constructed in a cold state based on the principle of similarity. The experimental
study investigated the effects of parameters, such as swirl-vane angles, coal concentration, operating parameters, and particle size, on
the flow distribution and vertical riser resistance characteristics of the vertical cyclone burner. The results showed that there were
differences in flow distribution among the cyclone burners, and the most uniform flow distribution was achieved when the swirl-vane
angle of the primary air was 30°. The concentration of pulverized coal significantly influenced the pressure drop in the vertical
ascending section, which increased with higher concentrations of pulverized coal. When the concentration of pulverized coal remains
constant, the pipeline pressure drop is minimized at a primary air velocity of 7.5 m/s. As the secondary wind speed increased, the
pressure drop consistently rose; when the secondary wind speed is 22 m/s, the pressure drop of the pipeline is the maximum;
however, excessively high secondary wind speeds were found to be detrimental to the formation of an optimal aerodynamic field in
the burner. Furthermore, when the pulverized coal concentration was held constant, materials with larger particle sizes exhibited the
highest pressure drop. When the particle size increases from 50 to 150 μm, the pressure drop of the vertical riser segment also
increases. Finally, based on the Barth additional pressure drop theory, the pressure drop formula of the vertical riser is fitted by a
dimensional analysis method, and the correlation formula of the pressure drop test of gas−solid two-phase flow in the vertical riser is
obtained.

1. INTRODUCTION
The characteristics of China’s energy and resource endowment
determine that coal-fired units will continue to be the main
generator units in the future for a long time. In the next 20 to
30 years, coal will maintain its dominant position in China’s
energy structure,1−3 coal power plays a crucial role as a
“stabilizer and ballast stone” in ensuring the stability of the
nation. In light of China’s commitment to the “carbon peak
and carbon neutrality” objective,4−6 China’s power structure is
undergoing continuous innovation, leading to an increasing
proportion of installed capacity from new energy sources.
Nevertheless, it is important to note that clean energy sources
alone cannot provide sustainable and stable power due to
various factors such as regional variations, day−night
fluctuations, and climate conditions. When integrating clean

energy sources into the grid, significant impacts on the power
system can occur, posing challenges when it comes to
absorbing new energy.7−9 Within the realm of coal-fired
units, the boiler plays a critical role in the operational efficiency
of the power station system. Particularly, coal-fired units
currently in service in China have become vital for deep peak
regulation. Therefore, ensuring the efficient and stable
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operation of these units holds significant importance for the
overall economy, safety, and environmental protection within
the power industry.
The uniformity of air and powder flow distribution in the

boiler burner system directly affects the pulverized coal
combustion effect and is directly related to the economy and
safety of coal-fired units. The air and powder flow distribution
process of a boiler burner system is a typical gas−solid two-
phase flow, and its flow characteristics are affected by structural
parameters,10 flow parameters,11 and particle sizes.11−13 Patro
and Dash14,15 mainly studied the effects of various parameters
such as gas phase velocity and solid−gas ratio on the flow
characteristics in horizontal and vertical pipes. Li et al.16−19

used the CFD-DEM coupling method to simulate and verify
the movement characteristics of pulverized coal particles in
swirl pneumatic conveying processes, mainly revealing the flow
characteristics, velocity distribution, and resistance character-
istics of pulverized coal particles, which can provide a reference
and theoretical basis for the design of pulverized coal
conveying pipelines. Tang et al.20,21 mainly studied the effects
of swirl-vane angles and particle size on combustion and flow
characteristics. Hirota et al.22 studied the conveying character-
istics of materials with three different densities in pipelines
with varying inclinations, and it was found that density has a
significant impact on the solid-phase friction coefficient. Peng
and Cao23 focused on the effect of the gas−solid phase on the
gas−solid two-phase flow characteristics in the pipeline by
numerical study and discussed the flow pattern in the pipeline.
Deng et al.24 conducted research on the average particle size
and distribution of materials in pneumatic conveying
processes. They discovered that when the size distribution
range of particles is small, embolic transportation can be
achieved. Yang et al.25 utilized the coupling method of the
Euler−Lagrange model and the discrete phase model to
conduct numerical research on the transportation of large
particles in pulverized coal. They compared their numerical
results with experimental data, ultimately verifying the
reliability of the model for horizontal pneumatic transportation
of pulverized.

The cyclone liquid slagging boiler has characteristics of both
cyclone combustion and liquid slagging, which solves the
problem of only mixing high-alkali coal for power generation
for a long time. The cyclone burner is an important piece of
equipment of a liquid slag-discharging boiler, and its top is
arranged with a cyclone blade, which can change the cyclone
strength in the burner and has a great influence on the
combustion in the furnace. However, research on the flow
characteristics of vertical cyclone burner systems is currently
limited. Many previous studies11,20,26 have primarily concen-
trated on optimizing combustion in the cyclone liquid boiler
furnace using numerical simulations. However, there is a
dearth of experimental research on the resistance character-
istics of coal transport pipelines, which calls for a more
comprehensive experimental analysis. Therefore, this study
aims to investigate the impact of different swirl-vane angles on
the flow distribution in cyclone burners under conditions of
pure air operation using cold experiments. By conducting
experiments to determine the optimal swirl-vane angle, the
study further examines the effects of varying feed concen-
tration, operating parameters, and particle size on the gas−
solid two-phase flow characteristics in the vertical riser section
of vertical cyclone burners.

2. EXPERIMENTAL SYSTEM AND METHODS
2.1. Experimental System. Figure 1 shows a schematic

diagram of the integrated cold model test platform of the
cyclone burner system. The experimental system consists of
five parts, namely, the air distribution system, the acquisition
control system, the cyclone burner system, the feeding system,
and the dust removal system. The air supply pipe and cyclone
burner system are made of 10 mm transparent plexiglass, which
can be visually tested. According to the layout of air supply
pipes, the layout parameters of the experimental system are
designed. The primary air supply pipes and secondary air
supply pipes are arranged in parallel, and each pipe is equipped
with an anemometer, flow-regulating valve, and differential
pressure transmitter, and each device is connected by a flange.
Figure 2 provides an actual diagram of the experimental

Figure 1. Schematic diagram of the experimental system.
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system, giving a visual representation of how the different
components are arranged and connected within the platform.

Before initiating the experiment, a series of pre-experiment
checks were performed. First, ensure the proper functioning of
the fan and the internal software of the industrial computer.
Confirm that all valves are open and verify the availability of a
power supply for the test system. Additionally, check the
anemometer, differential pressure transmitter, and swirl-vane
angle. Once all checks are complete, we proceed with turning
on the main power supply, followed by individual fan power
supplies and the industrial computer with the acquisition
control system.
During the pure gas phase flow characteristic test, focus on

measuring the air volume in the primary air duct. To maintain
a single-variable principle, we level the secondary air volume in
each pipeline. This involves adjusting the primary fan and
setting the initial frequency of the secondary fan. Once the
airflow becomes stable, the data acquisition system is used to
measure the air flow in each secondary air duct and the total air
flow. Due to potential fluctuations, select an average value of at
least 30 s of data and fine-tune the control valve until the air
flow is balanced with a total air flow error below 1% of the test
value. After fine-tuning the secondary air, minor fluctuations
may occur in the primary air volume. Adjust the primary air
volume to maintain a constant total primary air volume,
stopping when the error is below 1%. Monitor the air volume
in all secondary air ducts. Once the air volume in each pipeline
stabilizes, configure the acquisition control system’s settings for
acquisition frequency and time to complete the experimental
data measurement.
When gas−solid two-phase experiments are conducted, it is

necessary to first verify the frequency of the feeding device in
order to ensure the accuracy of the coal powder concentration
during the experiment. First, other pipeline valves were closed,
and the feeding device was adjusted to supply material to only
one cyclone burner. It is required to collect test data from each
pipeline for at least 60 s and calculate whether the solid-to-gas
ratio meets the experimental value. Gradually adjust the
experimental parameters until the error of the experimental
value is within 1%. Once the airflow in each pipeline is stable,
we begin collecting experimental data to complete the
experiment.
2.2. Data Processing. During the experiment, the air

volume in each pipeline will fluctuate up and down to a certain
extent. In order to reduce the error in the test process, it is
necessary to collect more than 2 min of data and take an
average value in the process of collecting the measurement test
data of the control system, and the collection frequency is 2 Hz

Q
Q

ni
t
n

t1= =
(1)

where Qi and Qt are the mean and instantaneous values of
branch volume flow, m3/h, and t is the collection time, s. n = 4,
where n represents four parallel pipelines of the experimental
system.
The mass flow rate of the material in the primary air duct is

an instantaneous value, but when the working conditions
remain unchanged and after a period of full development, the
mass flow rate of the solid phase is basically unchanged. The
mass flow rate Ms in this paper refers to the average value,
which can be calculated by Formula 2

M
W W

t t
3600s

2 1

2 1
=

(2)

In the formula, the unit of Ms is kg/s and W2 and W1
correspond to the amount of powder in the feeding device at t2
and t1, respectively. The units of W1 and W2 are kg and the
units of t2 and t1 are seconds.

μ is expressed as the ratio of solid-to-gas, as shown in (3)
below

M
Q

s

g

=
· (3)

where Q is the volume flow rate of the gas and ρg is the density
of the gas.
In order to characterize the stability of the transportation

process, the fluctuation of the instantaneous pressure drop can
well reflect the stability of the transportation process. CVs is
the sum of the standard deviation coefficient CV of each
working condition under the corresponding wind speed, and
the sum of the standard deviation coefficient CV and the
standard deviation coefficient CV of each working condition is
calculated according to Formulas 4 and 5

CV
standard deviation of pressure drop

average pressure drop
=

(4)

CV CV
i

n

is
1

=
= (5)

Research working condition range: swirl-vane angles: 25−
45°; primary wind speed: 6−10 m/s; and secondary wind
speed: 12.25−20.25 m/s.

3. EXPERIMENTAL RESULTS AND ANALYSIS
3.1. Influence of Swirl-Vane Angle on Flow Distribu-

tion. Figure 3 illustrates the impact of swirl-vane angle changes
on the flow distribution characteristics of each cyclone burner,
and the primary wind speed ranges from 6 to 10 m/s. The flow
rate of no. 1 to no. 4 burners exhibits a decreasing trend, in
which the flow deviation of no. 1 and no. 4 burners is the
largest. This is because the pipeline layout is different, and the
uneven flow distribution is mainly affected by the resistance
along the flow. The resistance of the four primary air branches
is different along the way, and the resistance increases
successively from branch 1 to branch 4. The significant
disparity in resistance between the first and fourth branches
results in the most uneven air volume distribution between the
corresponding no. 1 and no. 4 burners. As Figure 4 shows, with
the increase of swirl-vane angle, the air volume distributed by

Figure 2. Physical map of the experimental system.
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burner no. 1 first decreases and then increases, while that of
burner no. 4 increases at first and then decreases. This is
because when the swirl-vane angle increases to 30°, the flow
area of the primary air inlet area decreases. As a result, there is
an increase in local resistance in that particular area.
Additionally, the air velocity at the inlet of burner no. 1 was
higher than that of burner no. 4, resulting in a higher
proportionate increase in local resistance for branch 1
compared to branch 4. This generated a larger contribution
to the overall resistance from local resistance, weakening the
impact of resistance along the path on the flow distribution
within the entire system. At this time, the influence of the local
resistance on the flow distribution is greater than that of the
resistance along the way and the uniformity of the flow
distribution is improved. However, when the swirl-vane angle
increases to more than 30°, the influence of local resistance on
flow distribution becomes the predominant factor, and further
increasing the swirl-vane angle does not promote better
uniformity of flow distribution among the burners. Therefore,
30° is selected as the optimal swirl-vane angle in the study
working condition range.
With the increase in primary wind speed, the CVs of each

burner exhibits a decreasing trend. CVs is an important index
to characterize the stability of the transportation process. The
larger the CVs, the greater the sum of deviations between the
instantaneous pressure drop of nodes at each time during the
transportation process and the average pressure drop during
the transportation process under various working conditions,
and the worse the transportation stability. Under each working
condition, the CVs of no. 1 and no. 4 burners is higher, the CVs
of no. 3 burner is lower, and the CVs of no. 2 burner is the
lowest. The reason behind these observations is that the air
volume of burner no. 1 is the largest under each working
condition, resulting in the highest flow fluctuation and the
poorest conveying stability. On the other hand, burner no. 2
experiences the smallest flow fluctuation under each working
condition, indicating the most stable transmission.
3.2. Influence of Pulverized Coal Concentration on

Pipeline Resistance Characteristics. Figure 5 shows the
influence of the pulverized coal concentration on pipeline
resistance characteristics when the primary wind speed is 6−10
m/s. It can be seen from the figure that the pressure drop in
the vertical rising section changes with the primary wind speed
similarly under different coal powder concentrations. At the

Figure 3. Influence of swirl-vane angle change on flow distribution of
each burner when V2 = 18.15 m/s.

Figure 4. Influence of swirl-vane angle change on flow distribution of
each burner when V1 = 8 m/s.
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same primary wind speed, the pressure drop initially decreases
and then increases with the increase of pulverized coal
concentration. This behavior is attributed to the two main
components of pipeline pressure loss: gas phase pressure loss
and solid phase pressure loss. Under the same concentration of
pulverized coal, an increase in primary wind speed leads to an
increase in friction loss between the gas flow and the pipe wall,
as well as between the gas phase and the solid phase.
Consequently, the gas phase pressure loss within the pipeline
increases. Similarly, at the same pulverized coal concentration,
the proportion of gas phase mass flow increases with the
increase of primary wind speed. This results in a dilution of the
solid−gas ratio and a reduction in the pressure loss of the solid
phase. Additionally, at low primary wind speeds, the
proportion of solid pressure drop is much larger than that of
gas pressure loss. However, when the primary wind speed
increases, the minimum value of pipeline pressure drop will
appear under the corresponding primary wind speed. The
optimal economic gas speed, in this case, is observed when the
primary wind speed is 7.5 m/s.
It can also be seen from the figure that with the increase of

pulverized coal concentration, the pressure drop will be higher,
and the mass flow rate will also rise with the increase of
pulverized coal concentration, which will lead to more intense
collisions and friction between particles so the pressure drop in
the vertical riser section will increase.
3.3. Influence of Different Operating Parameters on

Pipeline Resistance Characteristics. Figure 6 shows the
influence of different secondary wind speeds on the resistance
characteristics of the pipeline when the concentration of
pulverized coal is 0.55 kg/kg. The figure reveals that with an
increase in secondary wind speed, the pressure drop also
increases under each operating condition. This phenomenon
can be attributed to the elevated disturbance caused by the
higher secondary wind speed at the axial entry of the primary
wind, leading to increased local resistance in the area of the
cyclone burner inlet. When the primary wind speed is 6 m/s,
the axial component of the primary wind gas is relatively low.
Under this condition, the gas’s ability to carry powder is
weakened. In this scenario, some particles may slightly exceed
the suspension speed, leading to their movement within the
vertical riser tube. This movement intensifies the collision
between particles as well as between particles and the wall
surface, subsequently increasing the friction-induced pressure

drop in the solid phase. Consequently, the total pressure drop
rises.
Furthermore, under conditions of low gas velocity, the

pressure drop in the pipeline primarily depends on the pressure
drop in the solid phase. It is worth noting that the particle
phase concentration is higher when the primary wind speed is
low. The friction-induced pressure drop in the solid phase is
closely associated with the drag force between the gas and the
solid. Therefore, excessively high secondary air concentrations
are not conducive to establishing a favorable aerodynamic field
within the burner.
3.4. Influence of Different Particle Sizes on Pipeline

Resistance Characteristics. Figure 7 illustrates the impact of

particle size on pipe resistance characteristics at a pulverized
coal concentration of 0.55 kg/kg. The results reveal that under
constant pulverized coal concentration, the pressure drop in
the vertical ascending section of the pipeline exhibits an initial
decrease followed by an increase with increasing primary wind
speed. Furthermore, as the particle size increases, the pressure
drop experienced in the vertical ascending pipe section also
increases. This can be attributed to the greater gravitational
force exerted on the larger particles. The suspension speed
denotes the minimum velocity required to maintain particle
suspension; beyond this threshold, particles ascend. Notably,
the suspension speed is directly proportional to the square root
of the particle size (ds), indicating that particles with larger

Figure 5. Influence of pulverized coal concentration on pipeline
resistance characteristics when V2 = 18.15 m/s.

Figure 6. Influence of different secondary wind speeds on pipe
resistance characteristics.

Figure 7. Influence of particle size on pipe resistance characteristics.
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sizes have higher suspension speeds. Consequently, particles
with larger sizes exhibit enhanced upward movement due to
higher suspension speeds, leading to increased collisions and
frictional effects. As a result, the pressure drop in the vertical
ascending pipe section is greater for the larger particles.
Furthermore, the followability of powder with a large

particle size with primary air flow is worse than that of powder
with a small particle size. Conversely, when the particle size
(ds) increases from 50 to 150 μm, the pressure drop in the
vertical riser section is also higher. This is because particles
with large suspension velocity are more likely to settle to the
bottom of the pipeline, thereby reducing the flow area of the
pipeline in a different phase, which leads to increased friction
and collision between particles and the pipe wall and increased
friction loss.
3.5. Pressure Drop Formula Fitting Results and

Analysis. 3.5.1. Additional Pressure Drop Method. The
additional pressure drop method is a widely used calculation
method of pipeline pressure drop, which was originally derived
by Barth27 based on the energy theory. After the two-phase
flow is fully developed, it can be simplified as Formula 6

P P Pt g s= + (6)

In the formula, ΔPg represents the gas phase pressure drop
in the stable section and ΔPs represents the solid phase
pressure drop in the stable section.
For the gas phase pressure drop ΔPg in the stable section,

many theories have been studied at home and abroad and are
very mature. ΔPg can be calculated according to Formula 7

P
U
2g g g

2
=

(7)

where U is the volume flow in the pipeline divided by the
cross-sectional area, that is, the primary wind speed and λg is
the gas phase pressure drop coefficient, which can be
calculated according to Formula 8

0.079Reg
0.25= (8)

where Re is Reynolds number and ρg is gas density kg/m3, in
the actual process, the flow inside the pipeline is more
complex, and the velocity of the solid phase is generally
difficult to measure by existing means, therefore, Formula 9 is
generally adopted

P
u L

D2s
s g g

2

=
(9)

where D represents the internal diameter of the pipeline, mm,
and L represents the pipe length, m. λs represents the solid
phase pressure drop coefficient and ug represents the gas phase
velocity. μ is expressed as the ratio of the solid-to-gas.
3.5.2. Pressure Drop Correlation. The gas−solid, two-phase

flow process is affected by many factors. Scholars used a large
number of test and simulation data to fit the pressure drop
correlation formula. However, the application range of
different correlation formulas is relatively limited, and there
is no universal correlation formula that can adapt to all working
conditions. Geldart28 believes that the horizontal pipe pressure
drop transport under high pressure in the horizontal pipe can
be shown in the following Formula 10

i
k
jjj y

{
zzz( )P

L U

0.83 G
D

1.28 0.4
s g

g=
(10)

where Gs denotes the solid mass flux of solids, [kg/ (m2/s)]. μg
represents gas viscosity, kg/(m s).
To accurately account for the vertical riser pressure drop, eq

10 should be considered along with the influence of the
material’s gravity itself. This can be represented by Formula 11,
as shown below

i
k
jjj y

{
zzz( )P

L U
H

0.83
g (1 )

G
D

1.28 0.4

s

s g

g= +
(11)

where H represents the vertical distance between the powder
discharge point and the feed point, m; g represents
gravitational acceleration and 9.81 m/s2; and ε represents
the volume ratio of particles. According to Formula 11, the
vertical tube pressure drop under experimental conditions in
this paper is calculated, and the comparison is shown in Figure
8.

As can be seen from Figure 8, the predicted values of the
Geldart formula are all higher than the experimental values,
and the maximum error is about 35%. The main reason is that
the pressure of the Geldart experimental conditions is higher
than that of the research conditions in this paper. As the
pressure increases, the interaction force between the gas and
solid phases will also increase, and the interaction force
between the particles and the pipe wall will also increase,
resulting in the pressure drop, as calculated by the formula,
being higher than the actual experimental value.
Generally speaking, the pressure drop of gas−solid two-

phase flow in the pipeline is related to the concentration of
pulverized coal, the apparent gas velocity, the average particle
size of the material, and the operating parameters. For vertical
riser tubes, the additional coefficient of pressure drop can be
written in the form of Formula 12

f U D g d( , , , , , , )s g s s= (12)

where ρg and ρs represent the gas density and particle density,
respectively, kg/m3. The π theorem can be rewritten into the
following functional relationship using dimensional analysis

Figure 8. Comparison of predicted values and experimental values of
the Geldart empirical formula for the vertical riser tube.
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where Fr stands for the Froude number in the formula. Since
the object of study is a vertical riser, the Froude number
related to gravity is the focus of consideration. In the λs
correlation, ø, m, n, p, and q are all undetermined formula
coefficients. Regression analysis was carried out on multiple
groups of test data, and the undetermined coefficients after
fitting are shown in Table 1.

By bringing the obtained undetermined experience coef-
ficient into the functional correlation formula, the solid phase
additional coefficient of vertical riser pressure drop is obtained
as follows

i
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{
zzzzzzz

i
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{
zzzze Fr

d
D

s 7.891 15.36 1.54 s

g
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s
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=
(14)

where e is a dimensionless number. The formula of riser
pressure drop obtained by simultaneous Formulas 6−9 is as
follows
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The comparison between the calculated value of the fitting
formula and the experimental results of the vertical riser
pressure drop is shown in Figure 9. The obtained pressure
drop formula is more accurate for the prediction of vertical
riser in this paper, the goodness-of-fit coefficient (R2) is
determined to be 0.948, and the relative error is found to be
less than 15%. These results provide a solid theoretical
foundation and support for the pipeline design of coal-fired
units.

4. CONCLUSIONS
In this paper, the resistance characteristics of the vertical
cyclone burner system are investigated under cold conditions.
First, an integrated cold model test platform of cyclone burners
based on the principle of similar modeling is introduced. Next,
the distribution of burner flow rates under rated parameters is
investigated, and the impact of swirl-vane angles on the flow
distribution characteristics of the cyclone burner under gas
phase operating conditions is explored. Building upon this, the
effects of the coal powder concentration, operating parameters,
and particle size on the resistance characteristics of the cyclone
burner are analyzed. Finally, based on the experimental
research and theoretical analysis, a fitting formula for the
vertical pipe pressure drop is derived. The following
conclusions are drawn:

1 There are significant differences in the flow distribution
among the burners, which are influenced by the
arrangement of the pipelines. The flow rates allocated
to burners 1 to 4 decrease sequentially. Excessive swirl-
vane angles increase local resistance at the entrance of
the cyclone burner, resulting in further reductions in
flow distribution uniformity. When the swirl-vane angle
is 30°, the flow distribution of each burner is the most
uniform.

2 Under different pulverized coal concentrations, the
pressure drop in the vertical ascending section changes
similarly with the primary wind speed. Under the same
primary wind speed, with the increase of pulverized coal
concentration, the pressure drop first decreases and then
increases; with the increase of primary wind speed, the
transport stability increases; under the same pulverized
coal concentration, the pressure drop increases with the
increase of secondary wind speed, and the high
secondary wind speed will reduce the conveying
stability. Under the same pulverized coal concentration,
the pipe pressure drop in the vertical ascending section
decreases first and then increases with the increase of
primary wind speed. Furthermore, as the particle size
increases, the pressure drop in the vertical ascending
section also increases. The conveying stability of
particles with larger sizes is found to be lower compared
to that of smaller particles.

3 Based on the Barth additional pressure drop theory, the
pressure drop formula for the vertical riser was derived
using the dimensional analysis method. This formula was
then compared to the Geldart pressure drop formula.
Notably, the comparison revealed that the predicted
values from the Geldart formula were overestimated due
to variations in the experimental conditions. As a result,
an empirical correlation equation for the pressure drop
of gas−solid two-phase flow in the vertical riser was
obtained through experimental testing. This correlated
equation provides a more accurate estimation for the
pressure drop in the vertical riser under the specific
experimental conditions studied.
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