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ABSTRACT

To improve the material conveying efficiency in the elbow lifting transportation process under negative
pressure airflow and to solve pipeline material blockage issues, a chili cleaning device was used as the core
model. CFD-DEM coupled simulation was employed to analyze the lifting process of non-spherical chili
materials in the elbow pipe. Key parameter optimization was carried out through experimental design,
determining the optimal parameter combination as a pipeline curvature of 2.03 and an air-to-feed ratio of 4.571.
This combination achieved a conveying efficiency 4.406 times higher than the lowest efficiency case, and the
uniformity of material transport under optimal parameters was verified through simulation. This study lays a
solid foundation for the design of pipeline bends and the optimization of material conveying analysis.
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INTRODUCTION

Pneumatic conveying originated in Britain in the late 19th century. Since then, it has been extensively
applied in diverse industries. Pneumatic conveying systems enjoyed a global market of nearly 30 billion U.S.
dollars in 2021 (Hentschel, 2011; Hilgraf, 2023). Compared to traditional conveying methods, pneumatic
conveying is characterized by high efficiency and low cost. With the continuous advancement of the industry,
the demands for its conveying efficiency and performance are constantly escalating. However, pipeline
conveying is merely a simple component of the device, which, therefore, lacks sufficient attention. This
oversight seriously impacts the overall efficiency and operational effectiveness (Afkhami et al., 2015; Cong et
al., 2018; Ma & Zhao, 2018).

Pneumatic conveying technology did not attract scholars’ attention until the 1950s, although it was
developed earlier in overseas countries. During the continuous development of pneumatic conveying
technology industry, pneumatic conveying can be mainly categorized into dilute-phase pneumatic conveying,
dense-phase dynamic pressure pneumatic conveying, dense-phase hydrostatic pneumatic conveying, and
cylinder pneumatic conveying, among which dilute-phase pneumatic conveying methods are currently the most
widely adopted. The existing analysis is primarily focused on spherical particles, simply constrained to the
theoretical analysis of horizontal conveying or lifting conveying. With the gradual development of equipment in
the multi-level direction, pneumatic pipeline is no longer limited to horizontal conveying, so there is an urgent
need to provide theoretical support for the design of vertical-horizontal lifting.
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Traditionally, design mode requires a lot of human and material resources. The coupled fluid mechanics
and discrete element simulation technique, on the other hand, help to reduce the consumption of resources
and is able to track and analyze the motion state of materials under the action of fluid from a microscopic
perspective, which, hence, has been widely used in various types of pneumatic research. For example, Li
Zhengquan and Chen Huimin analyzed the force between particles and pipe wall and the scouring effect on
the pipe wall in pipelines using fluid mechanics and discrete element method (Li et al., 2024). Gu Fengwei and
Zhao Youqun analyzed the conveying device of straw no-tillage planter with the help of CFD-DEM coupled
simulation and improved the homogeneity of straw casting and crushing (Gu et al.,, 2022). Combining
computational fluid dynamics and discrete element method, Hemin Zhao and Yongzhi Zhao effectively
simulated the motion state of particles in horizontal channel pneumatic conveying (Zhao & Zhao, 2020). In
summary, the reliability and applicability of the coupled CFD-DEM simulation technique have been fully
verified. However, vertical-horizontal lifting process is rarely explored, and most of the existing research
focuses on regular particles and lacks actual data to provide a basis for pipeline design.

By constructing a CFD-DEM coupled simulation model using chili peppers and chili pepper stalks as
particle models, this paper investigates the conveying process of vertical-horizontal lifting in depth from the
laws of air flow field and the motion state of particles and studies the conveying effect of materials under
different structures (Chen et al., 2020; Uzi & Levy, 2018). Combined with the experimental design, the optimal
structure parameters are identified through experiments and simulation verification (Drescher et al., 2025).
The research results of this paper will provide valuable reference for the subsequent material lifting and
conveying system and its structural design.

MATERIALS AND METHODS
Installations and Critical Areas

On the basis of previous research on chili cleaning device, this paper analyzed bending and lifting pipe
of the chili mixture. The device consisted of conveyor belt, rotary feeder, conveyor pipe, rotary unloader,
settling pipe and other components, as detailed in Fig. 1. Among them, the specific gravity sorting area (Fig. 1
(a)) and the inertia sorting area (Fig. 1 (b)) played the most critical role in operation. The chili was transported
through the vertical-horizontal lifting pipe and then mixed. The detailed analysis will be performed in this paper
to maximize the conveying efficiency and ensure the uniformity of conveying.
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Fig. 1 - Chilli separator
1. conveyor belt; 2. rotary feeder; 3. lifting air duct; 4. sorting device; 5. rotary unloader; 6. centrifugal fan; 7. settling box
a. Specific gravity sorting area; b. Inertia sorting area

Theoretical analysis

The conveying pipeline needed to be rationally arranged, whose conveying efficiency would otherwise be
affected, thereby potentially resulting in blockages, etc. Vertical - horizontal lifting pipelines are mainly divided
into six types, as shown in Fig. 2 (a), where Pipeline 4 is the theoretically optimal route, which, however, is
difficult to achieve in practice. Pipeline 2 is currently the most commonly used as it can be installed in a more
standardized layout. Pipeline 2 has some single rounded corners designed into two rounded corners, which
results in increased dissipation. Therefore, this paper presents an in-depth analysis and design of Pipeline 2.
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(a)
Fig. 2 - Pneumatic lifting conveying lines
a. Pneumatic lifting of the conveying pipeline arrangement; b. Schematic diagram of multiple corners of the pipeline

Conveying air velocity

Air velocity is one of the key parameters of chili cleaning device. According to the relevant provisions
of the pipeline layout of the design institute, in the case of vertical or inclined pipe with elbows, the
conveying air velocity should be 2.4 to 4.0 times the suspension velocity of the material. The floating
speed of the material, Vp, was measured using suspension test bench provided by Qingdao Agricultural

University (Gao et al., 2012; Ma Z. et al., 2011), as listed in Table 1.

Mixture material conveying speed

Table 1

Overall dimensions Suspension speed Conveying air velocity
[mm] [m-s7] [m-s7]
Chili 52.4~98.2 12.2-14.4 29.28~57.6
Chili stalks 21.5~43.1 9.1-10.5 21.84~42
Fractured stone 8~13 14.8~17.9 35.52~71.6

As the specific gravity sorting area is responsible for sorting out heavier impurities such as stones
from the chili mixture, the conveying air velocity needs to be less than the minimum counterpart of stones
and to meet the requirements in the conveying speed of chili peppers, stalk and other materials. Therefore,
the optimal conveying air velocity of negative pressure at the inlet is 29.28~35.52 m-s-1.

Curvature of bent pipe
The influence of the curvature generated in the material conveying process on the trajectory of the
material was discussed.

Fig. 3 - Material Bend Motion Analysis

The equations of motion are:
{—fo — Gecosa = ma, O
Fy, — Gsina = ma,,
where Fi, Ffy - airflow resistance components, (N); G - gravity, (N).

According to the boundary conditions, when particles were at Position 1, the angle of motion between
the particles and the elbow was a1=0°, and the velocity of the particles entering the bending phase was
assumed to be u=uj; when particles were at Position 2, the angle of motion between the particles and the
elbow was a2=90°, and the velocity of the particles entering the bending phase was assumed to be u=u.
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The relationship between Uz and o can be described as:
- _ 2gR ,
u? — e fway? = g~fwa ﬁ{wa + e?we[2(f2 — 1) sina — 3f,, cos a]} )
w
The final simplification of the above equation is obtained by combining the particles as they move from
position 1 to position 2:

_T 2gR
up = eI u + 2 [3f, + e (27 — 1) ®

From eq. 3, it can be seen that the velocity of material movement is affected by the bending radius of the pipe.

Shape of Pipe

Pipes are commonly rectangular, circular and oval. Among them, circular pipes are more widely used
for horizontal conveying. However, since the vertical-horizontal lifting process is very complex, this paper will
examine and compare these three types of pipes in depth.

Gas-to-feed ratio

In the material conveying process, the material is vertically lifted and then horizontally conveyed through
bending pipes. According to the relevant provisions about pipeline arrangement offered by the design institute,
the air velocity of the material conveyed is mostly in the range of 12 m/s to 40 m/s, which is in line with the
dilute phase pneumatic conveying speed conditions (Du et al., 2014; Huo et al., 2013). Under the condition of
dilute-phase pneumatic conveying, gas-to-feed ratio is required to be between 1 and 5 (Hongxun, 1993), so
as to meet the process requirements and performance indexes of the whole conveying system.

Experimental factors

Based on the above comprehensive analysis, the main factors affecting the material in the state of
vertical-bend-horizontal conveying included pipe type, bend radius R, gas-to-feed ratio C. Curvature R/D was
associated with elbow size, but was represented by radius R instead as the negative pressure of the pipe was
constant and the cross-section size of the pipe had been determined. It will be further analyzed as a key
influencing factor.

Simulation Settings

The simulation was coupled with ANSYS 2021r1 and EDEM 2020 software. The ‘Mesh’ module in
ANSYS 2021r1 was used to delineate the mesh, and the Fluent module to analyze the flow field. In the Fluent
module, the fluid medium was set to be air, and the k-¢ model was employed to calculate the transient
simulation method. The SIMPLE algorithm was used for computation. The material particles were generated
and the mechanism was modelled using EDEM software. Data exchange between the two software packages
was facilitated through a coupling plug-in, ensuring the accuracy and efficiency of the entire simulation
(Alihosseini, Saegrov, & Thamsen, 2019; Zhao L. et al., 2016).

Simulation of particles and geometrical models

1) Particle physical parameters and contact parameters;

The physical properties of the chili mixture were measured based on the statistical principles of the
physical parameters of the harvested chili mixtures. The characteristic properties of the material that could not
be measured directly were obtained by EDEM calibration (Zhang et al., 2023). The parameters and contact
coefficient of the material are listed in Table 2.

Table 2
Physical parameters of the material
Poisson's ratio Shear modulus [MPa] Density [kg-m-3]
Chili 0.31 3.12 817.13
Chili handle 0.43 1.35 1024.45
Steel 0.29 79920 7860

Coefficient of recovery | Coefficient of static friction | Coefficient of kinetic friction

Chili peppers-chili peppers 0.372 0.364 0.272
Chili peppers-chili stalks 0.277 0.452 0.341
Chili - steel 0.413 0.491 0.233
Chili stalk - chili stalk 0.362 0.682 0.578
Chili - steel 0.335 0.538 0.452
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2) Particle modeling

In order to accurately simulate the actual working effect of the pipeline, particle modeling was conducted
at a ratio of 1:1 between chili and chili stalk. By employing the SolidWorks finite element mesh module, the
model was divided to generate node coordinates, and then the data was imported into EDEM software to
construct the model for the particles of chili and chili stalk, as shown in Fig. 4.

Fig. 4 - Particle-filled models
a. Chili filler model; b. Chili stem filler model

3) Geometric modeling
A geometric model was established by SolidWorks software, and the mesh was delineated by the
‘Mesh’ module in Workbench, as shown in Fig. 5.
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Fig. 5 - Geometric Modeling Mesh

Experimental

1) One-way test;

Using CFD-DEM coupled simulation technology and taking the uniformity of the airflow field, the stability
of material conveying and the conveying efficiency as the evaluation indexes, this paper conducted the single-
factor simulation analysis for the three key parameters, namely pipe type, curvature of elbow pipe R/D and air-
to-feed ratio C. Among them, the pipe type included round, rectangular and oval; the curvature of elbow pipe
R/D was set to be (1 ~ 5) because of common small curvature R/D = 2 and large curvature R/D = 5, and air-
to-feed ratio C to be (1 ~ 5) according to the conditions of the rarefied-phase pneumatic conveying.

2) Orthogonal test;

According to the one-factor simulation results and agronomic requirements, curvature X; and air-to-feed
ratio X, were taken as test factors, and material conveying efficiency Y as the evaluation standard (set 1s
conveying 100 chilies as the unit efficiency). With the help of Design-Expert, two-factor three-level orthogonal
test was performed (Cong et al., 2018).

The test factors are detailed in Table 3.

Table 3
Factor level coding table for chili pepper scavenging device test
Encodings Experimental factors
Curvature X2 Gas to material ratio Xz
-1 1 1
0 2 3
1 3 5

In order to ensure the reliability of the CFD-DEM simulation, the optimal structural parameters were
firstly obtained by simulation and experimental design analysis, and the pipe was processed according to the
optimal combination of parameters to carry out the bending and lifting test on chili and chili stalk. During the
test, the velocity at the key entrance and exit nodes was measured by a pipeline airflow speed transmitter, and
compared with the velocity at the same locations obtained during the simulation to assess the reliability of the
simulation results.
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Fig. 6 - Of actual test setup
RESULTS
Analysis of the results of the one-way test
Analysis of pipe type simulation results
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Pipe type Velocity volume diagram Simulation Vector

Fig. 7 - Pipeline fluid simulation volume diagram

As can be seen from the analysis of the cloud images for three types of elbow shown in Figure 7, airflow

moved from the vertical area to the turning area in circular and elliptical elbows, mainly concentrating at the
bottom and converging upward, which resulted in the turbulence in the horizontal area and therefore made it
difficult to ensure the uniformity of material transportation (Liu et al., 2024; Wang et al., 2024; Zhang & Newell,
2024). In contrast, airflow movement in most areas remained unaffected when the airflow passed through the
turning area in rectangular elbow due to the limitation of its own structure, so that airflow remained relatively
stable in the material transportation process in the rectangular elbow, providing favorable conditions for the
uniform and orderly transportation of the material.

Therefore, in terms of the airflow in the vertical and horizontal conveying processes, rectangular pipe

was superior to oval and round ones. In the turning area, turbulence would not be produced in the rectangular
pipe, which effectively ensured uniform airflow in the material conveying process and more stable airflow within

the rectangular pipe from vertical to horizontal conveying.

Analysis of curvature simulation

The rectangular pipe was simulated, with air-to-feed set to be 2 and curvature R/D to be 1, 2, 3 and 4,

respectively (Zhou et al., 2016).The simulation results are illustrated in Fig. 8.

Velocity nephogram of rectangular elbow

Fig. 8 - Curvature fluid simulation vector diagram
a. Velocity nephogram of rectangular elbow; b. Velocity nephogram of circular bend
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As can be seen from Fig. 8, with the increase of the curvature R/D, the horizontal area of rectangular
and round pipes did not change significantly, while the vertical area of high-velocity airflow area continued to
expand towards the inlet.

As in the presence of negative pressure, when the airflow passes through the turning area, it would be
attached to the lower wall of the turning area under the action of the Coanda Effect, thus generating adhesive
flow. With the gradual increase of the curvature R/D, the turning trend of the airflow became more gentle and
the adhesive flow of the steering process was cushioned. As a result, the high-velocity flow area was extended.
Therefore, the larger the curvature R/D, the smoother the flow in the turning region.

(b) Velocity diagram of material movement

Fig. 9 - Particle coupling effect
a. Material movement trajectory diagram; b. Velocity diagram of material movement

As can be seen from Fig. 9, the larger the curvature R/D, the trajectory of the material was gradually
concentrated at the top upon the completion of vertical and horizontal conveying. If a large number of materials
were concentrated at the top of the pipe, then they would be unevenly distributed within the pipe, thus lowering
the material conveying efficiency.

With the gradual increase of the curvature R/D, the number of collisions of material trajectory in the
turning area obviously increased. The material would collide with the upper wall of the elbow under the action
of the upward movement inertia when moving from the vertical area to the turning area. In addition, the turning
area was enlarged, so that the materials would continue to collide repeatedly with the turning area following
their initial collision, making the pipe very likely to be blocked.

For the sake of a comprehensive comparison, among the four common curvatures of rectangular pipes,
the curvature R/D = 2 helped to ensure the uniform distribution of the materials in the pipe after they passed
through the turning area and to effectively reduce the number of collisions between the materials as well as
between the materials and the pipe wall, thus reducing the degree of damage to the materials.

Influence of air/feed ratio on conveying performance
A rectangular bend was simulated, with the curvature R/D being set to 2 and air-to-feed ratio to 1, 2, 3, 4
and 5, respectively (Ebrahimi & Crapper, 2017). The corresponding simulation results are shown in Fig. 10.
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Fig. 10 - Particle coupling trace diagram
a. Material trace diagram; b. Transmission efficiency comparison chart

As seen in Fig. 10(a), increasing the air-to-feed ratio improved the uniformity of material conveying. With
a higher air-to-feed ratio, the materials initially accumulated in the turning area, causing a reduction in speed.
However, as the materials moved into the horizontal conveying section, they formed a more stable mass,
leading to a more uniform trajectory.
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As seen in Fig. 10(b), at a low air-to-feed ratio, the materials were not conveyed rapidly due to the
occurrence of a winding phenomenon. As the air-to-feed ratio gradually increased, the cross-sectional area of
the material exposed to the airflow became larger, enhancing the pulling force of the air on the material surface.
This resulted in accelerated movement of the materials, thereby improving the efficiency of material conveying.

Analysis of orthogonal test

Experimental design and analysis were conducted using Design-Expert 13 software, with transportation
efficiency as the evaluation indicator. The transportation efficiency of the least efficient combination was set
as the baseline unit, represented as Y1=1. The efficiency of the remaining combinations was then expressed
as a multiple of the baseline according to the simulation results, i.e., Yi=nx1(n=1). The experimental results
and ANOVA analysis are presented in Tables 4 and 5, respectively.

Relationship between conveyor airflow speed and suspension velocity Tebles
Serial number Factors ' Performance.indicgtors
Curvature X1 Gas-to-feed ratio Xz Gas to material ratio Y1
1 2 1 3.2
2 1 3 1.53
3 1 5 2.21
4 2 3 341
5 2 3 3.67
6 3 1 121
7 2 3 3.98
8 2 5 4.12
9 3 5 3.96
10 1 1 1
11 2 3 3.87
12 3 3 2.27
Table 5
ANOVA table for conveying efficiency
Sou_rce of Square sum Degrees of freedom Mean square F P Significance
variance
Modelling 15.13 5 3.03 32.25 0.0001 Significant
X1 1.21 1 1.21 12.95 0.0088 Significant
X2 3.97 1 3.97 42.29 0.0003 Significant
X1X2 0.5929 1 0.5929 6.32 0.0402 Significant
Xt 8.15 1 8.15 86.82 | <0.0001 ;’grr]‘i"fgzgx
X2 0.005 1 0.005 0.0529 0.8246 | Insignificant
Residual 0.657 7 0.0939
prlcggsgal 0.4538 3 0.1513 298 | 01597 | Msignificant
Inaccuracies 0.2032 4 0.0508
Aggregate 15.79 12

As shown in Table 6, the fit of the conveyor efficiency model was significant (p<0.1), while the out-of-fit
term was insignificant (p = 0.1597, p>0.05). The terms Xi, Xz, and X1X> had a significant effect on the chili
clearing rate, with X; being extremely significant. After excluding the insignificant regression terms, the
regression equation for conveying efficiency can be expressed as:

Y = 3.72 — 0.45X, — 0.8133X, — 0.3850X, X, — 1.72X,> (4)

546



Vol. 75, No. 1 / 2025 INMATEH - Agricultural Engineering

Air-to-feed ratio had a greater impact on material conveying efficiency than curvature. The interaction
between air-to-feed ratio and curvature had a significant effect on conveying efficiency.

To determine the optimal levels of test factors, the optimization module of Design-Expert 13 software
was used to establish a parameter optimization mathematical model. The model aimed to maximize conveying
efficiency while considering the boundary conditions of each factor’s test values. The objective function and
constraints are as follows:

max Y (X1, X2)
t{1 <X1<3 (®)
l1<X2<5

According to the analysis, the optimal parameter combination was a curvature of 2.03 and an air-to-feed
ratio of 4.571, resulting in a unit material conveying efficiency of up to 4.406.

Optimal combination of experimental and simulation results and comparison
Optimal simulation results

The simulation analysis results are shown in Fig. 11. As the materials were lifted from the vertical area
to the turning area and then into the horizontal area, they were transported along the upper wall of the
horizontal section due to changes in air resistance and gravity acting in the downward movement direction.
Eventually, if the materials did not fall to the lower wall of the horizontal section, a uniform motion flow was
formed, enabling stable horizontal conveying of the materials.

—————— — |
Iv "”’9’1 _________________________ B
1 |l | : I - 1

|

; ¥ | ;ﬁl | l
4 5 & 6 | - Vertical area
B L 2 T
\ Turning area

Horizontal conveying

Fig. 11 - Schematic diagram of the motion state of the coupled simulated particles

Actual test results and simulation verification

The actual test was carried out in Jiaozhou, Qingdao, with a rectangular pipe shape, small curvature
R/D = 2.03, and an air-to-feed ratio of 4.571. The materials used were chili peppers and chili stalks in the ratio
of 10:1. The components of the test setup included an inertial sorting device, a centrifugal fan, and a curved
conveying pipe.
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Fig. 12 - Comparison of actual test and simulation key position speed intention

As shown in Fig. 12, by comparing the simulation results of the velocity at the same positions at the inlet
and outlet with the actual measurement results, it was found that the actual velocity was slightly lower than the
simulated one. This deviation remained within a reasonable range due to the increasing energy consumption
of airflow and material flow under the influence of external environmental factors in practical applications. Since
the simulated speed closely matched the actual speed in both trend and magnitude, the simulation test results
were proven to be highly accurate and reliable.

CONCLUSIONS

In this paper, the CFD-DEM coupled simulation technique was employed to simulate the material lifting
and conveying state in a vertical-bend-horizontal pipeline. To achieve optimal material lifting and conveying
efficiency, simulation analyses were conducted on pipe type, curvature, and air-to-feed ratio. Combined with
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experimental design, the optimal pipe structure was determined to maximize material conveying efficiency.
The following conclusions can be drawn:

e The comprehensive experimental design results indicate that material conveying efficiency is
maximized when the curvature is 2.03 and the air-to-feed ratio is 4.571 for a rectangular pipe. Combined with
the simulation results, this parameter combination ensures more uniform material transportation, meeting
operational requirements.

e The CFD-DEM coupled simulation technique employed in this study significantly reduces design
resource consumption while achieving ideal results. However, some deviations remain compared to actual
tests. Nonetheless, the comparison of simulation and experimental speed measurements shows minimal
errors at each point, effectively confirming the reliability of the simulation analysis.
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