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ABSTRACT: Pneumatic conveying devices are commonly used in
the fields of chemical industry, raw material transportation, and
material processing. Elongated biomass particles are not evenly
distributed in the lifting tube because biomass clumps during
conveying. Pneumatic conveying test setup and measurement
system were built in this paper in order to study the agglomeration
behavior of elongated biomass particles in the lifting tube
experimentally. Particle tracking velocimetry (PTV) was used to
determine the area distribution and velocity distribution of particles
at different apparent air velocities and mass flow rates. The results
show that while keeping the mass flow rate constant at 46.50 g/s,
the apparent gas velocity increased from 5.91 to 7.91 m/s and the
maximum size of agglomerates decreased from 0.689 to 0.235. The apparent gas velocity was kept at 6.40 m/s, and the particle mass
flow rate was adjusted from 56.50 to 16.20 g/s. The maximum size of the agglomerates was reduced to 0.115. Therefore,
appropriately increasing the apparent gas velocity or decreasing the particle mass flow rate can improve the uniformity of the particle
distribution in the lifting tube. The results would provide a reference for parameter adjustment of pneumatic conveying devices in
industrial production.

1. INTRODUCTION
With the realization of mankind that the use of traditional
energy sources has had a serious impact on the environment
and climate change, the use of clean energy has received
increasing attention from countries around the world.1−3 As a
kind of green, low-carbon, and clean energy, biomass can be
widely used in industry, life, transportation, and other fields.4−6

In biomass energy, the pneumatic conveying device is an
efficient gas−solid reaction and heat and mass transfer
equipment, which has many advantages, such as fast gas−
solid transfer speed, high contact efficiency, and high
utilization of raw materials and equipment.7−9 Therefore,
pneumatic conveying devices are widely used in the conversion
process of biomass energy, which makes an essential
contribution to the development of the clean energy
industry.10−13 After nearly 70 years of fundamental theoretical
research and technological development, pneumatic conveying
devices are now widely used in many industries, such as the
chemical industry, energy, food processing, material process-
ing, environmental protection, and so on.14−18 Some of the
advantages of pneumatic conveyors are the low number of
moving parts, flexible setup, and fully enclosed transportation,
all of which create environmentally safe applications.19 It serves
not only as an alternative for transporting pellet materials

between locations or blending different pellet types but also
facilitates the prefabrication of biomass pellets, offering
functionalities such as moisture content control, sorting,
feed, and mixing.20−22 In the realm of contemporary
engineering applications, there is a prevailing preference for
dilute-phase conveying, which proves to be the most
economical mode due to the inherent ease of cleaning and
maintenance associated with the equipment compared to
concentrated-phase conveying systems.23 During system
operation, the conversion of energy generated in the braking
process into electricity allows for effective energy recovery,
contributing to a reduction in the overall energy consumption
of the system.24 This adaptation aligns well with the demands
of sustainable development.

Although the pneumatic conveying device, as an efficient
gas−solid reaction and heat and mass transfer equipment, has
many functions, such as material conveying, drying, and
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processing, there are still some shortcomings. Among them,
handling materials with uneven moisture content and materials
with special shapes is particularly problematic. Specifically: (1)
As a result of the uneven residence time of biomass feedstock
in the conveying device during processing, the moisture
content of some materials is too high or too low, which affects
the quality and yield of biomass products. The biomass drying
process also requires attention to energy consumption and
equipment maintenance. These issues can increase the water
content in the development, thus affecting the efficiency of
biomass drying and the stability of product quality.25 (2)
Materials with unique shapes (such as filamentary biomass
particles) have structural characteristics such as being easy to
bend and can be entangled, which in the conveying and drying
process is very likely to lead to particles sticking to each other
and agglomeration.26 Thereby, reducing the contact efficiency
between the material and the gas-phase medium affected the
drying effect. Some national and international scholars have
visualized the parameters such as shape and size, residence
time, and speed of movement of particle agglomerates.27 The
results of all of the studies have shown that the contact
efficiency of the gas−solid phases and the flow behavior of the
particles have a significant impact on the performance of the
lift tube reactor.28−30 In this regard, some scholars have
proposed relevant experimental research methods. Wilhelm
and Kwauk31 were the first to observe particle aggregation
fluidization, where particles aggregate into groups and move
together in a conventional fluidized bed. Yerushalmi et al.32

observed that the particles aggregated in chains and clusters
under rapid fluidization. He33 used the PIV method to capture
the agglomerates at the lifting tube and obtain the magnitude
and direction of the particle motion velocity. Zha34 used a
coupled LBM-DEM model to study the settling pattern of
particles under three-dimensional conditions. The results
showed that when particles are higher, the particle settling
process is more likely to have agglomeration between particles.
Deng35 used the K-means clustering algorithm to cluster the
grayscale maps of transient particle distributions obtained from
Wang et al.36 simulations, and was able to clearly capture the
core agglomerates in the lifting tubes and the cloud of particles
surrounding the core of the agglomerates. Liu and Lu37 used
the Eulerian−Lagrangian method to predict the behavior of
cluster populations in circulating fluidized bed lift tubes. The
simulation results show that new clusters can be formed in the
near-wall area and transferred from the near-wall region to the
riser core. Based on the literature, Ullah38 defined the size of
dimensionless axial clusters. The experimental acquisition of
cluster size and its distribution was conducted, and a
comparison was made with the empirical correlations available
in the literature. The results show that the calculations of the
existing methods are in good agreement with the available data.
Sharma et al.39 suggested that the particle concentration within
the particle floc should be greater than twice the standard
deviation of the change in particle concentration plus the local
mean particle concentration. Mondal et al.,40 on the other
hand, used mean grayness and grayness standard deviation to
determine particle clusters. Soong et al.41 proposed three
criteria that agglomerate need to fulfill: (1) The concentration
of agglomerates should be significantly higher than the time-
averaged particle concentration at the same operating
parameters; (2) concentration fluctuations caused by agglom-
erates should be greater than the average pulsation in particle
concentration; (3) the size of the agglomerates shall be greater

than 100 particle diameters. Sun,42 in his study on the
identification and behavior of quartz sand, agglomerates with
an average particle size of d = 0.25 mm, proposed that white
areas identified as containing or less than three pixels were
considered as discrete particles, and white areas containing
three or more pixels were considered as particle flocs. Shi43

conducted PIV tests on the velocity distribution of different
particles within a bubbling fluidized bed using a self-built PIV
system for flow characterization of circulating fluidized beds.
Particle clusters were found to have a significant effect on the
gas−solid flow behavior within the bed. Sun42 developed an
image acquisition and processing system for three-dimensional
visualization of fluidized bed rising tubes. Particle flocs formed
by quartz sand with an average particle size of d = 0.25 mm
were investigated, and it was found that the method was able
to accurately identify “U”-shaped, inverted “U”-shaped, and
bar-shaped particle clusters. Verma23 used a high-speed video
camera in his experiments to acquire nonspherical particles in a
pneumatic conveying system with dilute-phase transport
polarization, and the study shows that the difference in particle
size affects segregation significantly.

Gas−solid phase flow is very complex44 and encompasses
interactions between the fluid phase and the solid phase as well
as between the solid phase and the solid phase. Current
measurement techniques for collecting data within a flow field
are usually: pressure transducers and hydrostatic probes for
measuring pressure in a flow field; Raman scattering spectros-
copy technique for the measurement of gas molecules in flow
fields; sensor temperatures measurement techniques such as
thermocouples, thermistors, thermal imaging cameras, infrared
thermometers, and other devices that can monitor temperature
changes in real time;45 laser Doppler velocimetry, laser
photography, holographic technology, PIV (Particle Image
Velocimetry) technology, etc.46 These methods can measure
flow velocities, flow characteristics, particle aggregation, and
more. The flow within the flow field is a moving process that
changes constantly, and noncontact measurement techniques
are mostly chosen for the measurement process. These
measurement techniques can measure the distribution of
various parameters within the flow field, and it is changing law
without interfering with the movement of the object, thus
providing reliable experimental data to provide strong support
for the study of the dynamic characteristics of the flow field.
Lackmeier et al.47 proposed a method to visualize the internal
structure of pilot CFB risers using laser sheet and image
processing techniques. Wu48 used a high-speed camera and
image processing techniques to study the motion of non-
spherical particles inside the lifting tube. By analyzing the
relationship between the area of connected domains of
particles and the number of connected domains, the domain
area of 9000 pixels is used as a threshold to distinguish small
clusters from large clusters. Lu49 employed high-speed camera
and image acquisition techniques to record the particle
agglomeration behavior and its dynamic motion process in
the lifting tube. The results show that the trajectory of the
agglomerates in the lifting tube is consistent with the “ring-
nucleus flow” model. The vertical velocity of the agglomerates
is distributed horizontally in an approximately symmetrical
manner with “high center and low sidewalls”. Yang and Zhu50

propose a new image processing method based on image
calibration in the study of visualizing clusters in the fully
developed region of a Plexiglas rectangular circulating fluidized
bed (CFB) lifting tube. As a result, high Gs and low Ug favor
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the formation of clusters with high solids content, while low Gs
and high Ug lead to the rupture of clusters. The findings
presented above are of great significance for designing gas−
solid fluidization systems and studying flow mechanisms.

In recent years, visualization methods have become
increasingly popular with the development and improvement
of high-speed cameras and the application of image processing
techniques. An overview of the practical applications of
conventional industrial measurement techniques is given in
the literature described above, which discusses more complex
localized measurement techniques within multiphase flow
devices that have demonstrated their applicability in large
industrial reactors. In this paper, we record the motion of
nonspherical particle clusters in the lifting tube by means of a
self-constructed cold pneumatic conveying experimental setup
with a PTV measurement system. Applying a high-speed
camera in the pneumatic conveying practical system enables
visualization studies. To ensure the recognition’s accuracy, the
results are compared with the original image to get a suitable
range of calculation thresholds. The focus of this study
introduces the parameters of agglomerate size (dimensionless
number φ), velocity distribution, and velocity variance to deal
with and quantitatively analyze the agglomerate behavior inside
the lift tube. The agglomeration behavior and distribution
uniformity of the particle population in the lifting tube under
different working conditions were investigated. The introduc-
tion of the dimensionless parameter of the cluster size adds
more universality to the conclusions.

2. EXPERIMENTAL MATERIALS AND METHODS
2.1. Experimental Materials and Devices. Nonspherical

filamentous biomass particles were used as experimental
materials, as shown in Figure 1. The average length of the

elongated biomass particles was 1.22 cm, the width was about
1.0 cm, and the actual density was about 450 kg/m3. Nine
points were sampled after the material was spread uniformly on
a flat surface, as shown in Figure 2. About 4 g of elongated
biomass material was taken from each sampling cassette and
placed in the oven. At a temperature of 100 °C baking,51 until
the quality of the sampling box does not change, several
experiments measured the baking time of 3 h appropriate. The
dried elongated biomass particles were placed in a desiccator
and left for 1 h. The dried elongated biomass particles were
placed in a desiccator for 1 h. Its mass after drying was finally

measured and then the moisture content of the wet base was
calculated to be about 19.2%, and the moisture content was
calculated as shown in eq 151

=W
m m

m
1 2

1 (1)

where W is the moisture content of the wet base, %; m1 is the
mass of the material specimen before drying, g; and m2 is the
mass of the model dried in the oven at 100 °C to a constant
weight, g. The importance of the specimen before drying, m2, is
the mass of the sample dried at 100 °C to a stable weight.

Figure 3 shows a schematic diagram of the experimental
system, which consists of a pneumatic conveying system and
an image acquisition and processing system. The pneumatic
conveying system consists of a blower, an unloading device, a
screw feeder, a lifting tube, a return tube, and a cyclone
separator. The height of the fluidized bed pipe is 58.0 cm, and
the cross section is a rectangle of 20.5 cm × 12.8 cm made of
acrylic. Its light transmittance is good, easy to maintain, more
environmentally friendly, and easy to photograph and observe
the flow state of the particle population in the bed during the
experiment. The image acquisition and processing system
consists of a high-speed CCD camera (Charge Coupled
Device), LED panel light source, fill light, and image
processing system. A high-speed CCD camera captures images
of elongated biomass particles moving through the lifting tube.
The panel light source is placed on the back wall of the lift
tube. The panel light source is diffusely reflected to form a
uniform irradiation light in the lifting tube, which can increase
the brightness of the shooting area by 20−50%. Compared
with the fill light front illumination method, using a panel light
source can effectively reduce the appearance of image shadows
so that the captured particle group motion picture is more
accurate and precise. The fill light supplements the light during
the shoot to ensure the area is well-lit. Thus, a higher-quality
image is obtained, and the image data can be analyzed and
processed by the image processing system to obtain the
relevant parameters of particle motion.
2.2. Experimental Methods and Conditions. Before

conducting the biomass nonspherical pellet movement experi-
ments, the pellets need to be homogeneously mixed to avoid
affecting the results of the experiments due to excessive local

Figure 1. Elongated biomass particles.

Figure 2. Schematic diagram of sampling points for measuring water
content of materials.
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differences in moisture content. After mixing, the shots are
stored in the hopper of the screw feeder, and the granules are
charged using the screw feeder and star-shaped discharge valve.
A variable frequency motor controls the speed to ensure
continuous feeding during the experiment. The star-shaped
discharge valve can continuously feed particles into the
pneumatic conveying unit at a constant flow rate.

At the start of the test, the centrifugal blower must be
switched on and the inverter must be adjusted so that the
airflow is evenly distributed in the ducting. When the airflow is
stabilized, the release of the particles is initiated, and the video
image is captured after the screw feeder is able to stabilize the
feed. The particles are fed into the pipeline through the star-
shaped discharge valve and then pass through the air supply
pipe and lifting tube before finally reaching the cyclone for
gas−solid separation. The gas is returned to the experimental
device through the return duct for recycling. At the end of the
experiment, the captured video needs to be transferred to a
computer processing system for data processing and analysis,
such as analyzing the speed, trajectory, particle cluster area,
and other parameters of particle movement. The proper
execution of the above steps helps ensure the experiment’s
stability and obtain more accurate results.

The high-speed CCD camera model 5F04 M used in the
experiments has a full-frame resolution of 2320 × 1720 (500
fps) and a small-frame speed of up to 52,800 fps. To ensure the
quality and accuracy of the shooting and to accurately record
the experimental data, several experiments were conducted,
and it was found that shooting at a frame rate greater than 905
frames shortened the shooting If the shooting frame rate is less
than 900 frames, it will reduce the quality of the picture and
increase the error of postprocessing data. Therefore, the
experimental shooting for a more appropriate shooting frame
rate of 902 frames was selected. The actual dimensions of the
capture surface “a” of the lifting tube are 20.5 cm × 58.0 cm, as
shown in Figure 3, and the capture window is chosen to
minimize the influence of the inlet and outlet on the particle
motion in the lifting tube. After the wall thickness of 1.5 cm on
both sides is excluded, the cross-sectional dimensions of the lift
tube are 9.8 cm × 17.5 cm. Therefore, the actual size of the
viewfinder window was chosen to be 17.5 cm × 20.5 cm,
between 13.5 cm from the lift tube outlet and 13 cm from the
inlet. The specific information is detailed in Table 1. When the
airflow is stabilized, the release of the particles is initiated, and
the video image is captured after waiting for the screw feeder

to stabilize the feed. In order to study the motion law of
biomass nonspherical particles in the lifting tube under
different working conditions, ten groups of experimental
conditions were set up in this study, and the effects of air
velocity and particle mass flow rate on the uniformity of
particle motion and agglomeration behavior were investigated,
respectively. Specific information on the experimental con-
ditions is detailed in Table 2. The design of these experimental

conditions is reasonable and practicable, which can effectively
analyze the motion characteristics of particles under different
conditions and provide critical experimental data and
references for further research on the transport motion of
nonspherical particles.

3. IMAGE RECOGNITION AND DATA PROCESSING
3.1. Image Background Segmentation Threshold X.

This study used the background gray level threshold

Figure 3. Schematic diagram of pneumatic conveying experimental system.

Table 1. Data Acquisition Shooting Parameters

parameters numerical

emitting area 40 cm × 30 cm
acquisition window 768 pixel × 940 pixel
actual window size 17.5 cm × 21.5 cm
lift tube cross-sectional dimensions 9.8 cm × 17.5 cm
plotting scale 4.4
capture frame rate 902 frames
shooting duration 7 s
exposure time 40 μs
aperture size F/11

Table 2. Experimental Study Working Conditions

apparent gas velocity/(m·s−1) mass flow rate/(g·s−1)

5.91 46.50
6.40 46.50
6.91 46.50
7.43 46.50
7.91 46.50
6.40 16.20
6.40 26.00
6.40 36.50
6.40 46.50
6.40 56.50
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segmentation method to process captured motion images of
elongated biomass particles. The brief operation principle is as
follows: first, background segmentation threshold X is set,
which is used to determine whether the recognized targets in
the image are discrete particles or agglomerates. When a target
is identified, the portion of the target with a gray value more
significant than X is determined by the algorithm to be a
cluster of particles (discrete particle clusters or agglomerates).
In contrast, the portion of the target with a gray value less than
the preset value of X is considered to be the background. The
white region was obtained as part of the final identified
nonspherical particle agglomerates by binarization, noise
reduction, and inverse color processing methods of the
image. According to different experimental environments and
needs, the background segmentation threshold X value can be
adjusted to quickly and accurately identify the nonspherical
particle agglomerates of raw materials and their internal
structures. This method is characterized by its simplicity,

effectiveness, and reproducibility. It is suitable for different
types and scales of biomass particle movement experiments
and provides primary data for the biomass transport process
research.

To determine the appropriate background segmentation
threshold X value and to accurately identify the clustered
morphology of the nonspherical particles of the birth material.
This study conducted comparative experiments on the
recognition of elongated biomass particle clusters under
different background segmentation thresholds. The results
are shown in Figure 4. According to the red region comparison
chart; the analysis indicates that the recognition results under
the three thresholds of X = 65, 75, and 85 are more consistent
with the original graph. Compared to the experimental results
with segmentation thresholds of 65 and 85, the recognized
particle clusters are closer to the actual experimental images
when the segmentation threshold is 75; however, when the
segmentation threshold is ≤65, too low of a segmentation

Figure 4. Comparison of recognition results of particle clusters with different background segmentation thresholds X.

Figure 5. (a) Flowchart of particle cluster feature point selection. (b) Schematic diagram of particle agglomeration identification and velocity
calculation (Ug = 6.40 m/s, Ms = 46.50 g/s, dt = 0.005 s).
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threshold can cause some of the black areas around the
recognized particle clusters to also be determined to be part of
the particle cluster. And when the segmentation threshold X ≥
85, the segmentation intensity is too large, and the lower gray
value at the edge of the nonspherical particle cluster is also
recognized as the background, which leads to the incomplete
recognition of the particle cluster. This is consistent with Yin’s
conclusions in identifying the effects of different k values used
in the k-means algorithm.52 Taken together, the segmentation
threshold X = 75 (±5) was chosen in this study to accurately
identify the clustered morphology of nonspherical particles of
birth matter. This paper analyzes the uniformity of particle
distribution and the law of agglomerate shape evolution by
observing the changes of elongated biomass particle clusters at
different moments with working conditions.
3.2. Velocity Recognition Operations for Particle

Agglomerates. For the study of the motion of particles in
the lifting tube, three methods for calculating the particle
agglomeration velocity are commonly used today: (1) The
outer boundary displacement method.49 The displacements
and rates of the particle aggregates are calculated by measuring
the exiles at the outer boundary of the particle aggregates. (2)
Center of mass displacement method.39 The displacement and
velocity of the granular agglomerates were obtained by
calculating the removal of the center of mass of the granular
agglomerates. (3) Particle tracking velocimetry.50 In other
words, a certain number of points are selected in the length
direction of a single flexible nonspherical particle, and the
motion characteristics of the elastic nonspherical particle are
obtained by measuring the translational and nontranslational
motions of these points. Due to the complexity of the particle
flow in the pneumatic conveying device and the variability of
the size and structure of the particle agglomerates, this study
has chosen to analyze the motion of the particle agglomerates
by selecting the characteristic point displacements. The specific
particle aggregation feature point selection process is shown in
Figure 5a. In addition, to recognize the information on particle
agglomerates, this study uses the background segmentation
thresholding method using image processing. Figure 5b shows
the particle agglomeration identification and velocity calcu-
lation schematic diagram. For example, the image of a particle
agglomerate converging in the lifting tube at the experimental
conditions: Ug = 6.40 m/s, Ms = 46.50 g/s, and t = 0.520 s.
The image of a particle agglomerate joining the lifting tube at
the experimental conditions: Ug = 6.40 m/s and Ms = 46.50 g/
s. The background segmentation thresholding method first
obtains information about particle clusters. Afterward, a feature
point is randomly selected, and the motion of the particle
agglomerates is tracked by the position of the feature point
within the particle agglomerates before the agglomerates are
separated. If the cluster scatters into multiple clusters, the
algorithm will reselect the feature points to avoid the change of
feature point locations. When the particle clusters are clustered
from small clusters into larger clusters, the algorithm performs
cross-correlation between consecutive frames of images. Based
on the peak values of the cross-correlation, the algorithm
identifies new cluster targets, thus selecting the characteristic
point.

When performing experimental data processing, since the
quality of imported experimental images is often rough, batch
improvement processing of the original images is required. The
specific processing steps are as follows: first, load the
background layer and select the appropriate background

threshold segmentation value X. The grayscale difference
between the particles and the background is then enhanced by
binarization, inversion, noise reduction, and filtering. In this
case, the black and white gray values are 0 and 255,
respectively. This move facilitates the division of particles
and backgrounds into different regions and provides an
excellent environment for image segmentation. The next step
in data analysis is performed after the particles or aggregates
have been identified. In this study, two frames of images at t =
0.520 s and 0.525 s were selected for the operation
demonstration, and the velocity V of the particles or particle
agglomerates was calculated by calculating the displacements
in the x. Y directions of the selected feature points in the
period of dt = 0.005 s, and in this way, the velocity V of the
particles or particle agglomerates was calculated by using the
following formulas

=v
y
t

d
d (2)

=u
x
t

d
d (3)

= +V v u2 2 (4)

where dx is the displacement of the selected feature point in
the x-direction during the period; dy is the displacement of the
selected feature point in the y-direction during the period; and
dt is the set time difference.
3.3. Statistics on the Number of Granular Aggre-

gates. When the interaction forces between particles are
strengthened, they promote a tighter bonding between the
particles, forming agglomerates. When the interaction forces
between particles and gas increase, particles experience
stronger gravitational or other interactive forces, leading
them to tend to aggregate. Conversely, when the particle−
particle or particle−gas mutual forces are reduced, the particles
are more easily dispersed. This agglomeration phenomenon
results in the formation of larger-sized clusters of particles,
commonly referred to as a particle cluster. If, when the
particles are already aggregated into clusters, the clusters are
subjected to greater shear forces exerted on them by the gas,
then the clusters may be broken up and dispersed. Particle
agglomeration is a common phenomenon in gas−solid two-
phase flows. And different methods of particle agglomeration
studies will yield different results for the size and number of
agglomerates. In this study, an identified target was considered
an agglomerator when its pixels were more significant than or
equal to three times the average pixel value of a single particle
with a minimum agglomeration area of 0.4 cm2. Those smaller
than three times the average pixel value of a single particle are
considered individual elongated particles or smaller discrete
clusters of particles and are removed by the algorithm. Figure 6
shows the size distribution of cluster connectivity domains, and
the number of connectivity domains decreases sharply when
the particle cluster size is more significant than 0.012, where
the cluster size is calculated according to eq 5. Since most of
the particles in the lifting tubes are in the form of discrete
particles or small-sized agglomerates, this paper distinguishes
between small-sized agglomerates and large-sized agglomerates
with a connectivity domain size threshold of 0.012, which is
one of the innovations of this study. The study of particle
agglomerates provides a better understanding of the flow
characteristics of gas−solid two-phase flow in pneumatic
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conveying, which is essential for optimizing and controlling the
pneumatic conveying process.

= S
S

cl

l (5)

where Scl is the area of the cluster and Sl is the cross-sectional
area of the lifting tube.

First, in this paper, the number of clusters is defined in terms
of the number of occurrences of clusters in the images of all
frames in any given period. To achieve an accurate count of the
number of agglomerates, the pixel-area method is used in this
article to determine the pixel size of the particle agglomerates
and convert it to the area size. After the information about all
of the particle clusters in each image frame is identified, the
cluster pixel size is converted to an area size using a
corresponding scale. Due to the disruptive nature of the
conveying equipment during the experimental process,
particles smaller than the size of a single particle are removed
using a threshold value. Counting the number

+
nksi si 1

of
clusters with an area size interval of Si ∼ Si+1. Eventually the
total number NSdi

of clusters within the 6314 image frames with
the cluster area size interval Si ∼ Si+1 can be calculated by a
cyclic procedure. This statistical method can more accurately
reflect the number and size distribution of particle agglomer-
ates in the lift tube, which helps to analyze the influence of
particle agglomerates on the behavior of gas−solid two-phase
flow in the lift tube. At the same time, the method can also
provide a reference for other studies of particle agglomeration
in gas−solid two-phase flow.

=
=

+
N ns

k
k

1

6314

i si si 1 (6)

where k denotes the number of frames and i is the area size (i =
0, 1, 2, 3...).

4. RESULTS AND DISCUSSION
In this section, the effect of apparent gas velocity and mass flow
rate on the size of agglomerates in the lift tube is discussed.
The uniformity of particle motion in the lift tube under
different operating conditions is analyzed in conjunction with
the velocity variance s2 of the particles and the velocity
distribution plots.

4.1. Effect of Apparent Gas Velocity on Cluster Size
Distribution. Figure 7 shows the size distribution of particle

clusters at different apparent gas velocities, and the area
intervals corresponding to the peak number of particle clusters
size at five different apparent gas velocities are all 0−0.012.
This is because although agglomeration of biomass non-
spherical particles occurs in the lifting tube, the vast majority
are discrete particles. It is worth noting that the aggregation of
biomass nonspherical particles in the lifting tube is most
obvious relative to the other four groups when the mass flow
rate Ms = 46.50 g/s and the apparent gas velocity Ug = 5.91 m/
s. The maximum cluster size at this apparent air velocity is
0.689 when the air velocity is small enough to blow the
material completely into the lifting tube. After particle-to-
particle entanglement and collision, as well as particle-to-wall
collision, the kinetic energy of the particles decreases and the
velocity decreases, resulting in increased entanglement and
collision with the particle population blowing from below and
an increase in the size of the agglomerates, as shown in Figure
9a. This is similar and consistent with the conclusions obtained
from Zhao’s simulations.53 Therefore, with a specific mass flow
rate and a small gas velocity, the phenomenon of nonspherical
particles aggregating into a large agglomeration is very likely to
occur. This phenomenon affects the flow characteristics of the
bed gas, which affects the performance of the pneumatic
conveying device.

The maximum size distribution of particle agglomerates at
five different apparent airflow velocities is shown in Figure 8.
When the apparent gas velocity is increased from Ug = 5.91 m/
s to Ug = 7.91 m/s in a gradient of every 0.5 m/s, the number
of large-sized agglomerated fraction is decreasing rapidly. The
increase in gas velocity increases the shear force of the gas in
the tube on the particles. The particles are subjected to more
vital shear forces, reducing the probability of aggregation
between particles. An increase in the number of small-sized
agglomerates and discrete particles accompanies the decrease
in the number of large-sized agglomerates. Therefore, the peak
height of the number of clusters distributed in 0.012 in the
cluster size distribution curve corresponding to Ug = 7.91 m/s
is the highest group compared to the remaining four groups of
working conditions. The air velocity increased by 2 m/s, and
the maximum size of the agglomerates was 0.235, which was
reduced to about 1/3 of its original size. Therefore, it can be
predicted that by increasing the apparent gas velocity, the
probability of accumulation of the elongated biomass particle

Figure 6. Size distribution of cluster connectivity domains. Figure 7. Size distribution of particle agglomerates with different
apparent gas velocities.
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population in the lifting tube will decrease and the size of the
agglomerated particles will be further reduced.

The process of blowing and aggregating particle agglomer-
ates for the three airflow velocities is given in Figure 9. In this
paper, we delineate the smallest cluster area as 0.4 cm2. When
referring to Figure 9, our focus lies in capturing the cluster
fragmentation and aggregation processes. Consequently, it
becomes imperative to exclude diminutive clusters, which are
approximately 1−2 times the size of the smallest cluster.
Through scale conversion, 1200 pixels equates to approx-
imately 0.61. To present the process more clearly, the deletion
threshold in the image processing code was adjusted to 1200
pixels. Biomass nonspherical particles in the lifting tube, in
addition to collision and mutual entanglement to form clusters,
at the same time, clusters are blown apart into several small
clusters or discrete groups of particles phenomenon. These
clusters or agglomerates of discrete particles recollide with the
material around them, eventually forming new agglomerates.
This process is repeated until the particles reached the top of
the lifting tube and are conveyed out. This phenomenon of
agglomerates being blown apart and then agglomerating is an
essential manifestation of particle flow characteristics, which

reflects the strength of the interparticle interaction forces and
the interparticle interactions. It also illustrates that the
accumulation of particles within a complex and variable airflow
field constantly changes, which can have different effects on
granular materials during pneumatic conveying. Particle
clusters in the lift tube have lower velocities than those
blown in at the lift tube inlet due to mutual collisions with the
wall or between particles. At the same time, the particles are
blown into the lifting tube with higher speeds and collide
violently with the particles inside the tube; therefore, the
elongated biomass particles are more likely to be aggregated
into larger-sized agglomerates at the bottom of the lifting tube.
And this aggregation is more pronounced at lower apparent gas
velocities.

Comparing the plots of the agglomeration and fragmenta-
tion process of particle clusters at different apparent air
velocities in Figure 9, the blowing and dispersing ability of the
airflow on the particle clusters in the tube is enhanced as Ug is
increased from 5.91 to 7.91 m/s. The particle clusters were
dispersed into multiple small clusters and discrete particles.
And the degree of blown apart becomes more significant with
the increase of apparent gas velocity; the higher the apparent
gas velocity, the more significant the difference between the
shape of the blown apart cluster and the original cluster.
Discrete particles and small agglomerates blown apart continue
to collide with surrounding particles or agglomerates as their
velocity increases due to their freedom from the large-size
agglomerates. As shown in Figure 9b,c, “inverted U-shaped”
irregular and “triangular” clusters are observed at higher
apparent gas velocities. Since the speed of the particles in the
sidewall region is significantly smaller than that near the center,
the particles settle along the sidewalls and reflux occurs. This is
similar and consistent with the findings of Geng54 and Chen.55

The tendency of particle aggregation to form agglomerates is
different for different spatial locations of the lifting tube.
Agglomerates are developed in greater numbers and for a
longer period in the sidewall area than in the center area and in
more significant numbers. And the location of the experiment
where the reflux phenomenon occurred is consistent with
Geng’s conclusions. Particle reflux at the side walls and particle
fragmentation in the near-center area along the airflow
direction result in “inverted U-shaped” and “triangular”

Figure 8. Distribution of maximum agglomeration size of particles at
different apparent gas velocities

Figure 9. Plot of agglomerate fragmentation and aggregation processes at different apparent gas velocities (deletion threshold: 1200 pixels): (a) Ug
= 5.91 m/s, (b) Ug = 6.90 m/s, (c) Ug = 7.91 m/s.
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accumulations in the near-wall area. The ability of the airflow
to break up the agglomerates is enhanced as the airflow speed
increases, so it can be seen that an appropriate increase in the
speed of the airflow can promote a better dispersion of
particles in the lifting tube, significantly reducing the
probability of the emergence of large-sized agglomerates and
thus improving the performance of the pneumatic conveying
device.
4.2. Effect of Airflow Velocity on the Velocity

Distribution of Particle Population. Figure 10 shows the

velocity distribution profiles of particles at five different airflow
velocities for the mass flow rate Ms = 46.50 g/s. When Ug ≥
6.40 m/s, the velocity distribution curve of the particle
population gradually shows an apparent bimodal phenomenon.
Most of the particle population moves at a higher velocity, and
a small portion of the particle population moves at a lower rate.
Although most of the particles in the lifting tube are clusters of
smaller particles, a small proportion are in the form of large-
sized agglomerates. Thus, the first wave peak on the left side of
the curve in the figure is the peak number corresponding to the
velocities of larger-sized agglomerates. In contrast, the second
wave peak is the peak number corresponding to the rates of
smaller groups of discrete particles or small-sized agglomerates.
When the apparent gas velocity gradually increases, the large-
sized particle agglomerates are fragmented into a large number
of small-sized particle clusters so that the double peak becomes
more and more obvious with the increase of gas velocity. At Ug
= 5.91 m/s, the airflow velocity is small at this time, and a large
number of agglomerates with larger sizes occur in the lifting
tube. Hence, the peak number of particles is low and the
velocity distribution curve does not show an apparent double
peak. The particle population velocity distribution curve has a
negative region with a distribution between −2 and 0 m/s. It is
caused by a small amount of backflow occurring on both sides
of the lifting tube’s wall surface.

The airflow velocity gradually increased, and the rate
corresponding to the peak of the velocity distribution curve
of the particle population increased from 1.0−1.5 to 4.0−4.5
m/s. As the airflow velocity grows at an isotropic rate of 0.5 m/

s, the growth rate of the peak of the particle velocity
distribution curve decreases and the double peak of the
curve becomes more and more pronounced. The peak of the
velocity distribution curve is shifted to the right. In contrast,
the value of the span of the second peak gradually becomes
smaller and the velocity difference between particles decreases.
This phenomenon is due to an increase in the air velocity; the
large size of the agglomerate is blown into several small size
particles agglomerates and discrete particles, and the part of
the blown part of the large size of the agglomerate as a result of
detachment, their speed of movement increased significantly.
Increasing the apparent air velocity increases the rate of rise of
the particles in the lift tube and decreases the time that the
particles remain in the tube. And higher apparent gas velocities
reduce the interaction time between the particles and the gas,
resulting in a more homogeneous distribution of the particles’
velocities, showing a more concentrated velocity distribution.
The particle population velocity distribution curve’s negative
value domain decreases due to the apparent gas velocity
increase. This is because increasing the apparent gas velocity
increases the gas flow rate in the gas−solid mixture, resulting in
some of the particles being rapidly carried away from the lift
tube by the gas flow and reducing the particle concentration in
the tube. Lower particle concentrations lessen the opportunity
for particles to collide and aggregate with each other, thus
reducing the probability of aggregation of particles as well as
reducing the degree of particle reflux.

Therefore, an appropriate increase in air velocity of 1−2 m/s
during the experimental process can increase the movement
speed of the particles in the lifting tube and bring the particles
out of the lifting tube quickly. Higher apparent gas velocities
can improve the homogeneity and stability of the gas flow and
reduce local velocity fluctuations and inhomogeneities, leading
to a more concentrated and homogeneous particle velocity
distribution. And the velocity of the particles tends to be
uniform, and the degree of particle cluster reflux will be
reduced.
4.3. Effect of Mass Flow Rate on Cluster Size

Distribution. The experimental conditions were set at an
apparent gas velocity Ug = 6.40 m/s and a mass flow Ms of
16.20−56.50 g/s, which was increased in steps of 10 g/s.
Figure 11 shows the size distribution of particle clusters at five
different mass flow rates, and the size range of the clusters at
the peak number of particle clusters at different mass flow rates
is distributed from 0 to 0.012. This finding reaffirms that
elongated biomass particles are overwhelmingly present as

Figure 10. Velocity distribution curves of the particle population at
different apparent gas velocities.

Figure 11. Size distribution of particle agglomerates at different mass
flow rates.
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small-sized particle clusters in the lift tube. Among them, when
the mass flow rate is 36.5 g/s, the number of agglomerates with
the size of 0−0.012 is the largest. This is due to the gradual
increase in the number of particles. The particles in the lifting
tube are still mainly in the size range of 0 to 0.012. When the
mass flow rate exceeds 36.5 g/s, the agglomeration of the
particles becomes more and more pronounced. Despite the
increasing mass flow rate, more groups of particles of small
sizes tend to aggregate into agglomerates of larger sizes. So
compared to the mass flow rate of 56.50 g/s, the number of
agglomerates with size 0−0.012 is more when the mass flow
rate is 36.50 g/s. The maximum size of particle agglomeration
was 0.115 when the mass flow rate Ms = 16.20 g/s. Due to the
small mass flow rate in this set of experiments, the particles
were distributed more dispersed inside the lifting tube and did
not appear too large but generally existed as a cluster of
particles with a size of 0−0.03. The maximum value of 0.753
was reached for the size of particles converging into
agglomerates in the lifting tube at Ms = 56.50 g/s, as shown
in Figure 12. The results of this study show that the formation

and aggregation of particle clusters are progressively enhanced
as the mass flow rate increases. In addition, the agglomerate
area distribution curve may also reflect the size and number of
particle agglomerates. The size and number of particle clusters
can be quantified and compared by analyzing the size
distribution curves of the groups of particles converging into
clusters.

In a lifting tube with limited space, the magnitude of particle
concentration under the same conditions becomes one of the
critical factors affecting the state of motion of particles in the
lifting tube. By adjusting the mass flow rate of particles at the
inlet, it is possible to change the concentration of particles in
the lifting tube. It was shown that by increasing the mass flow
rate of particles at the inlet, the clustered size distribution curve
of the particle population gradually becomes more expansive.
The size of the clusters is moving toward larger sizes, and the
number of more significant parts of the cluster size is
increasing with it. This is because increasing the mass flow
rate at the inlet results in a larger concentration of particles in
the lift tube, which increases the chances of particles colliding
and aggregating with each other. The experimental materials

used in the experiment were elongated biomass particles prone
to random deformation; therefore, higher particle concen-
trations would make it easier for particles to become entangled
with each other and form agglomerates of larger size. It is
interesting to note that the size distribution curves of particle
cluster clusters in the range of 0−0.012 show that the number
of clusters increases and then decreases with increasing particle
mass flow rate. The peak of the curves is gradually shifted to
the right. The mass flow rate is low at Ms = 16.20 g/s, so the
number of particles in the lift tube is low, most of which are
clusters of smaller-sized particles. As the mass flow rate
gradually increased to Ms = 36.50 g/s, the number of particles
in the lift tube also gradually increased. When Ms > 36.50 g/s,
the number of particles within the lift increases, but the
occupied rate of the pipe cross-sectional area increases, causing
the interparticle voids to decrease. Increased interparticle
interaction forces result in particles coming together more
readily to form agglomerates. In contrast, smaller discrete
particles or single particles are blown along with the airflow to
form larger agglomerates. Thus, the number of particles in the
range of 0−0.012 decreases with increasing mass flow rate,
whereas the number of larger-sized agglomerates increases as
Ms > 36.50 g/s.
4.4. Effect of Mass Flow Rate on Particle Population

Velocity Distribution. The velocity distribution curves of the
particle swarm for five different mass flow rates at Ug = 6.4 m/s
are given in Figure 13. It can be seen that for the same

apparent gas velocity, with an increase in the mass flow rate of
the particles, the velocity distribution curve of the particle
population in the lifting tube becomes gradually narrower. The
curve distribution is wider when Ms = 16.20 g/s when the mass
flow rate at the inlet is small, and the particle concentration in
the lift tube is low. Therefore, under the experimental
condition of Ug = 6.4 m/s, the apparent gas velocity
significantly affects particle motion, resulting in a sparse
distribution of particles in the lifting tube. Although not pooled
into larger agglomerates, the velocity difference between
particles becomes larger at larger airflow velocities. Exper-
imentally increasing Ms in steps of every ten g/s up to 36.50 g/
s, it was observed that the velocity distribution curve of the

Figure 12. Distribution of the maximum agglomeration size of
particles at different mass flow rates.

Figure 13. Velocity distribution profile of particle swarms at different
mass flow rates.
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particle population corresponding to the working conditions
became gradually narrower, and the height of the distribution
between −2 and 0 m/s decreased. This indicates that the
difference in velocity between the particles is falling and the
phenomenon of reflux is decreasing. The velocity distribution
curve of the particle population shows a clear double peak as
the mass flow rate increases after Ms > 36.50 g/s. This is
mainly due to the broadening of the distribution of particle
group velocities between −2 and 0 m/s, indicating that particle
reflux is intensifying in these two sets of experimental
conditions. The change of the particle reflux phenomenon
occurs mainly at the side walls of the lift tube. The
phenomenon of biomass pellets agglomeration and reflux at
the side walls of the lifting tube increases the residence time of
the pellets in the tube, which tends to directly affect their
utilization.

The number distribution curves of the particle population in
different velocity intervals show a trend of increasing and then
decreasing with the mass flow rate increase. When the mass
flow rate is low, increasing Ms enhances the number of particles
in the tube, and the peak number of particle populations
corresponding to the experimental conditions will be increased
accordingly. Further increasing the mass flow rate causes the
particles to collide more aggressively with each other and
become more likely to become entangled. In contrast, smaller
discrete particles or single particles are blown along with the
airflow and attached to the cluster to form larger clusters.
Therefore, in the experiments with Ms > 36.50 g/s for both sets
of conditions, the number of identified particle clusters from 0
to 0.012 is decreasing. Therefore, the values of the velocity
distributions corresponding to small particle sizes are also
reducing.
4.5. Uniformity Analysis. From the above experimental

results, it can be concluded that increasing the apparent air
velocity helps to improve the conveying performance of the
pneumatic conveying device for particles at a constant mass
flow rate. The higher apparent gas velocity can drive the
particles with more incredible kinetic energy, which enhances
the impact ability between the particle clusters and makes the
particle clusters less likely to gather in the lifting tube. Figure
14 shows the velocity variance distribution of the particle
population under different experimental conditions. The

magnitude of the variance of the particle velocities in the
lifting tube implies the degree of velocity stability of the
particles; the larger the variance of the particles’ rates, the more
unstable the particle motion. The smaller the variance value,
the more uniform the velocity distribution between the
particles. The velocity variance value S2 of the particle
population at Ug = 5.91 m/s is smaller at 2.08. This is because
the agglomeration behavior of the particles is more severe at
lower apparent gas velocities and the rates between groups of
particles fluctuate more, though. However, the number of
small-sized particle clusters from 0 to 0.012 was less than that
in the sets of experiments with larger apparent gas velocities,
thus resulting in more minor differences in particle cluster
velocities. As the air velocity increases, the impact force of the
airflow increases, the particle agglomerates are blown apart into
small-sized particle clusters, and the velocity difference
between the particle clusters gradually increases so that the
velocity variance of the particle clusters, S2, increases. The
analysis of particle agglomeration size distribution for different
apparent gas velocities in Figure 7 above shows that the
agglomeration behavior of the particle population in the lifting
tube is significantly improved when Ug > 6.91 m/s. Combined
with Figure 15, when Ug > 6.91 m/s, the particle agglomerates
are further blown apart into small-sized agglomerates and
discrete particles, the particle distribution in the lifting tube is
sparse, and the velocity difference between particles decreases.
Therefore, the velocity variance S2 has a tendency to decrease.
Continuously increasing the apparent air velocity increases the
forces on the particles, making the fluctuations in velocity
values between particles more pronounced, as shown in Figure
14a. Therefore, when the mass flow rate at the inlet Ms = 46.50
g/s is kept constant and the apparent gas velocity Ug = 5.91 m/
s, the particle distribution in the lifting tube is more
homogeneous compared to the other four sets of experimental
conditions, as shown in Figure 15.

Figure 16 shows the instantaneous vector velocity
distribution of particles at different mass flow rates. The
location of the change in reflux of particles occurs mainly at the
side walls of the lift tube. At mass flow rate Ms = 16.20 g/s, the
number of particles in the lifting tube is small and sparsely
distributed. Currently, the lifting tube’s particle cluster size is
small. Still, the velocity distribution curve of the particles is

Figure 14. Velocity variance distribution of particle population under different experimental conditions: (a) Ms = 46.50 g/s, (b) Ug = 6.40 m/s.
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wide, and the velocity difference between the particles is
significant. Therefore, this set of experiments shows that the
velocity variance S2 of the particle population is 3.55, which is
the maximum value among the five sets of working conditions,
as shown in Figure 14b. When Ms increased to 36.50 g/s at the
inlet, the velocity variance S2 of the particle population in the
lifting tube decreased from 3.55 to a minimum value of 1.63 in
the case studied in this paper. Because when Ms < 36.50 g/s,
the particles in the lifting tube are very sparse, the flow field in
the tube is unstable, and the velocity difference between the
particles is large. When the mass flow rate is adjusted to 36.50
g/s, the movement of particles in the lifting tube is in a
relatively uniform state under Ug = 6.4 m/s. And when Ms >
36.50 g/s, the agglomeration phenomenon of the particles is
gradually obvious, and the velocity difference of the particles
will become larger. Therefore, when Ms = 36.50 g/s, the

velocity variance S2 in Figure 14b is the minimum value.
Combining the analysis of Figure 13 with Figure 15c, it can be
seen that in this set of experimental conditions, the difference
in velocity between the particles in the lifting tube is slight, and
the degree of reflux is also minimal compared to those of the
remaining four sets of conditions. Although the maximum size
of particulate agglomerates in this set of experiments was
0.464, their number was small. Significantly, these particulate
agglomerates with large size were captured infrequently in all
images acquired at 7s. Therefore, considering the size
distribution, velocity distribution, and reflux of the particle
cluster in each group of conditions, the particle population in
the lifting tube is distributed more uniformly when Ug = 6.40
m/s and Ms = 36.50 g/s.

Figure 15. Instantaneous velocity vector distribution of particles at different apparent air velocities (keep the mass flow rate constant, Ms = 46.50 g/
s).
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5. CONCLUSIONS
The main focus of the study is the uniformity of the
distribution of elongated biomass particles in the lifting tube
during pneumatic conveying. Particle agglomeration and
particle reflux in the pipeline can decrease the conveying
performance of the pneumatic conveying system. The working
conditions are adjusted through experiments to realize that the
particles can be evenly distributed in the lifting tube. It is of
great significance for conveying efficiency and product quality.
In this article, the transport process of elongated biomass
particles in the lifting tube is photographed and analyzed. The
effects of apparent gas velocity and mass flow rate on transport
uniformity were investigated by counting particles’ size
distribution and velocity distribution at different operating
conditions, respectively. On the other hand, this study
experimentally identified the main sites of particle agglomer-
ation and the reasons for uneven particle motion. The
phenomena and conclusions obtained in this study can help
the pneumatic conveying system to improve the conveying

efficiency and optimize the design and provide certain research
ideas.

(1) Most elongated biomass particles exist as discrete
particles in the lifting tube, but agglomeration behavior
can occur. The range of cluster size corresponding to the
peak in the number of clusters is mainly distributed from
0 to 0.012. It was observed that the velocity of the
particles in the side wall region was significantly smaller
than the velocity of the particles close to the center
region, and the particles settled along the side wall with a
reflux phenomenon.

(2) The apparent gas velocity Ug increased from 5.91 to 7.91
m/s, and the maximum size of agglomerates decreased
from 0.689 to 0.235, while the reflux phenomenon of
particles was reduced. Higher apparent gas velocities can
improve the homogeneity and stability of the gas flow
and reduce local velocity fluctuations and inhomogene-
ities, leading to a more concentrated and homogeneous
particle velocity distribution.

Figure 16. Instantaneous velocity vector distribution of particles at different mass flow rates (keep the apparent air velocity constant, Ug = 6.4 m/s).
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(3) When the mass flow rate Ms at the inlet was reduced
from 56.50 g/s to 16.20 g/s, the number of particles in
the lifting tube decreased and the distribution became
thinner. The maximum size of agglomerates decreased
from 0.753 to 0.115. Therefore, with the apparent gas
velocity unchanged, appropriately reducing the particle
mass flow rate at the inlet can lead to better dispersion
of elongated biomass particles in the lifting tube and
improve the uniformity of particle distribution in the
lifting tube.

(4) In several sets of conditions studied, it was found that
when the apparent gas velocity was adjusted to 7.91 m/s
while keeping the mass flow rate constant at 46.50 g/s,
the particle population in the lifting tube was distributed
more uniformly. Whereas, when the apparent gas
velocity was kept at 6.4 m/s, and the mass flow rate
was adjusted to 36.50 g/s, it was also observed that the
return flow of the particle population in the lifting tube
was less and more uniformly distributed.
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■ NOMENCLATURE
dx transverse displacement, pixel
dy vertical displacement, pixel

dt time intervals, s
i size interval
Ms particle mass flow rate, g/s
m1 pellet quality before drying, g
m2 pellet quality after drying, g
φ cluster size
Sl cross-sectional area of lift tube, cm2

Scl cluster size, cm2

+
nksi si 1

number of areas Si ∼ Si+1 in a picture, piece
NSi

total number of areas Si ∼ Si+1 in all pictures, piece
S2 square difference of speed
Si area size, cm2

t time, s
u lateral displacement speed, m/s
Ug apparent gas velocity, m/s
v longitudinal displacement speed, m/s
V instantaneous velocity of particles, m/s
W moisture content, %
X background segmentation threshold
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