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Abstract: The pyrolysis of waste tires has been considered a potential sustainable solution in light of
escalating carbon dioxide emissions. Nevertheless, current research indicates a lack of comprehensive
understanding regarding the movement of waste tire particles in a single horizontal-axis stirred
pyrolysis reactor. This study employed EDEM 2021.2 software to perform comprehensive numerical
simulations of a single horizontal-axis stirred pyrolysis reactor, examining the impact of three main
production factors—particle size, feed rate, and central axis speed—on particle motion. By acquiring
contact data between particles and reactor walls, we illustrated the persistent motion of particles
during the operation of the equipment. The research findings suggest that with the rise in rotational
speed, there is a corresponding increase in particle accumulation. In high-speed conditions, the
interaction between particles and the reactor wall is intensified. The contact level increased by 15.54%
(at 3 r/min) and 25.66% (at 5 r/min) with the rise in rotational speed. Furthermore, at an identical
rotational speed, the interaction between the larger particle group and the wall surpassed that of
the smaller particle group. Doubling the feed rate led to a reduction of over 10% in the contact level
between particles and the reaction wall at varying speeds. Through a thorough analysis of various
factors influencing particle motion, our objective is to elucidate the motion traits of particles in the
reactor, offering crucial theoretical direction and technical assistance to enhance production efficiency
and ensure the secure and steady operation of pyrolysis reactors.

Keywords: recycling; tire particles; pyrolysis; single horizontal-axis stirred reactor; particle motion;
discrete element method; EDEM

1. Introduction

The automotive industry is one of the driving forces behind global industrial develop-
ment. With the growth of global and automotive industries, there has been an increasing
demand for automobiles. Consequently, the production of waste tires has escalated. The
proper disposal and recycling of waste tires has become a pressing social issue [1,2]. Im-
proper handling of waste tires can pose significant threats to the environment and human
health [3,4] and also disrupt the ecological balance. Hence, implementing rational waste
tire management and recycling is crucial to protect the environment and conserve resources.
Only through responsible utilization and treatment of waste tires can their adverse im-
pacts on the environment and human health be mitigated while contributing to a circular
economy and sustainable development [5]. Owing to their poor biodegradability in the
environment [6], safe disposal and recycling measures are imperative.

Pyrolysis has gained significant attention as the most effective and thorough method of
tire disposal and is a promising recycling approach [7–9]. Pyrolysis allows for the recovery
of energy and valuable gas, liquid, and solid fractions from scrap tires [10]. However, the
efficiency of the process largely depends on the type of cracking reactor [11]. Waste tire
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cracking equipment can be categorized into various types [12]. Ünsaç et al. [13] studied
the efficiency of screw mixing and conveying, as well as the performance of the reactor,
heating gas pipeline, and cyclone separator using a rotating batch reactor and an improved
belt screw conveyor. The improved strip screw design increased the level of technical
preparation. Choi et al. [14] comprehensively analyzed the product yield and properties
of the fluidized bed system and compared it with the fixed bed system. The potential use
of fluidized bed reactor for pyrolysis was evaluated to overcome the main limitations of
the traditional pyrolysis process. Qi et al. [15] used a pilot-scale spiral propulsion reactor
to study the pyrolysis characteristics of waste truck tires (WT1) and waste passenger car
tires (WT2). The results showed that at four pyrolysis temperatures, the solid yield of
WT2 was higher than that of WT1, and the liquid and gas yield were lower than that of
WT1. Wang et al. [16] investigated the impact of temperature and pressure on product
distribution in catalytic slow pyrolysis in a fixed bed and catalytic fast pyrolysis in a fixed
fluidized bed. The use of a catalyst enhanced styrene yield and decreased secondary
reaction occurrence. Wang et al. [17] studied the effect of flue gas on waste heat transfer
and reaction by establishing a numerical simulation model. The results show that the
temperature distribution and particle size change of different components, as well as the
influence of flue gas temperature and velocity, have an impact on the pyrolysis process.

The software EDEM, short for Eulerian discrete element method, was developed for
bulk material simulation. Its primary functions involve simulating the dynamic behavior
of particle systems and coupling physical processes like particle–fluid interactions, particle
structure, and heat conduction, aiding users in understanding and predicting particle
system behavior. The software finds wide application in mining, metallurgy, energy,
pharmaceuticals, and food-processing industries. Additionally, EDEM offers an intuitive
visual interface and robust post-processing tools. Users can assist and guide engineering
applications by analyzing simulation results, generating reports, and optimizing designs. It
aids engineers and researchers in process optimization and equipment design enhancement.
Liu et al. [18] used the discretization method to simplify the problem and calculate higher
accuracy. Monfared et al. [19] used the discrete element method to simulate the behavior of
packed granular beds, focusing on the generation of densely packed granular beds. The
optimal rolling friction coefficient is proposed to accurately represent the dense spherical
carbon particle bed. Hilse et al. [20] used the discrete element method (DEM) to numerically
analyze the intermittent single-layer contact heat transfer of a multi-bottom furnace. The
average heat loss parameters were determined. The results show that the blade angle has
little effect on the time evolution of particle temperature, but the frequency distribution
is affected by the blade angle, and the standard deviation increases with the increase in
the angle of the blade. Liu et al. [21] proposed an experimental method to determine the
sliding friction coefficient between different particles and boundaries and embedded the
results into DEM software for verification. This method was found to improve the accuracy
of the DEM simulation results. Cleary et al. [22] Applied the fully bidirectional coupled
particle size model based on DEM and SPHS methods to the SAG mill. Scale up the model
of industrial scale equipment. Chen et al. [23] in this study, a CFD-DEM coupling modeling
method based on soft sphere and porous model was proposed to explore the material
transfer mechanism of gas liquid solid mixed flow. It provides theoretical reference and
technical support for the material conveying mechanism and production process.

Proch et al. [24] found that the length of a rotary kiln increased with an increase in the
bed particle mass flow while the inclination angle and rotational speed remained constant.
Hu et al. [25] proposed a two-stage rotary kiln reactor with baffles to enhance the flowability
of material particles in the dead zone. The study of particle movement and mixing inside
the reactor lays the foundation for subsequent device debugging and process parameter
settings [26]. Liu et al. [27] found through numerical simulations that the mixing effect at
higher speeds was significantly better than that at lower speeds in a twin-screw pyrolysis
reactor. Xie et al. [28] found that the heating rate significantly increased with an increase
in the rotary drum reactor speed. Kwapinska et al. [29] studied the motion of particles in
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a horizontal rotary drum and indicated the advantages of the discrete element model in
simulating particle behavior. Navarro et al. [30] analyzed the effect of different process
conditions on the solid particles of different materials and found that particle size had the
greatest influence. Zheng et al. [31] conducted thermal simulations with different particle
sizes and rotational speeds inside a rotary kiln, revealing that increasing the rotational
speed ensured a uniform temperature increase and a smaller particle size improved the
heat transfer effect. A smaller tire particle size increases the surface area of the particles,
indicating a larger heat-exchange surface. A smaller tire particle size also shortens the
heat-diffusion path. According to Fourier’s law for heat transfer, smaller tire particle sizes
can improve the heat transfer efficiency. According to the relevant literature, when the tire
particle size is small, the heat transfer barrier layer is also smaller, and the tire sample can
quickly receive heat, allowing the temperature of the waste tire particles to rise rapidly [32].
Zhang et al. [33], in their study of individual particles, observed that the uniformity of
particle temperature initially decreased and then increased with a decrease in filling rate.
Han et al. [34] improved the heat transfer efficiency between the reactor and the particles
by adding a heat carrier within the reactor.

Previously, a fixed filling rate or reduced model was mostly used to analyze the
motion characteristics of particles in equipment. Nevertheless, without an actual model
and data on feeding and discharging states during production, this method fails to fully
depict the motion characteristics of particles in real work conditions. In this research,
the discrete element method is employed to simulate the impact of three key production
factors on particle dynamics in the reactor: particle size, feed rate, and central shaft
speed. Using this approach allows for a more precise insight into particle motion under
real operating conditions, offering enhanced references and guidance for optimizing the
production process.

2. Physical Model and Theoretical Model
2.1. Physical Model and Actual Equipment

This study presents the structural diagram of a single horizontal-axis stirred pyrolysis
reactor in Figure 1. The reactor consists mainly of a pyrolysis furnace tube, a central shaft,
stirring arms, stirring teeth, a support structure, and other fundamental components. These
components collaborate to facilitate the stable movement of waste tire particles within the
reactor. The actual photograph of the reactor in operation is depicted in Figure 1b and was
provided by China Qingdao Wanfang Recycling Technology Co., Ltd. (Qingdao, China).

During the design, in order to ensure the stability and reliability of equipment
operation, a support structure is set in the middle of the central axis to improve its stiffness
and prevent deformation and vibration. The central shaft is connected with the mixing
teeth through the mixing arm. The mixing arm is evenly distributed on the central shaft,
arranged at a certain angle, and the end is connected with the mixing teeth. The central
shaft is driven by an external motor. Driven by the central shaft, the mixing teeth rotate at
the same angular speed.

During the normal operation of the single horizontal shaft stirred pyrolysis reactor, the
particles move under the drive of the stirring teeth, collide and slide in the movement, and
exchange positions, and the temperature gradually increases during the heating process.
Finally, thermal decomposition occurs, forming a series of pyrolysis products such as
carbon black, steel wire, pyrolysis gas, and pyrolysis oil. The carbon black moves with
the movement of the stirring teeth and finally enters the tail of the pyrolysis reactor for
gravity collection in the carbon black collection device. This design makes the continuous
feeding and pyrolysis of waste tire particles possible, which is in line with the objectives of
environmental protection and resource recovery.

This design has a simple and stable operation, is not prone to coking, and solves the
common coking problem in pyrolysis reactors, greatly improving the stability of reactor
operation. This device is suitable for various types of waste tire recycling and has significant
practical value.
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2.2. Theoretical Model

By applying the Hertz–Mindlin (nonslip) contact model and the standard rolling
friction theory model in the discrete element method, we assume that the structural param-
eters and physical significance of the former involve setting the radii of the two spherical
particles to R1 and R2. When elastic contact occurs between these particles, the calculation
formula for the normal overlap amount, δn (Equation (1)), is used.

δn = R1 + R2− | r1 − r2 | (1)

In the formula above, r1, r2 are the position vectors of two pellet centers.
The normal force between the two particles, Fn, is calculated as shown in Equation (2).

Fn =
4
3

E∗√R∗d1.5
n (2)
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In the formula above, E∗ and R∗ are the equivalent tensile modulus of elasticity and
equivalent radius of particles, respectively.

E∗, R∗ are shown in Equations (3) and (4), respectively.

1
E∗ =

1 − v2
1

E1
+

1 − v2
2

E2
(3)

1
R∗ =

1
R1

+
1

R2
(4)

In the formulas above, E1, v1, and E2, v2 are the tensile moduli of elasticity and Pois-
son’s ratios of particles 1 and 2, respectively. The normal damping force, Fd

n , is expressed
as shown in Equation (5).

Fd
n = −2

√
5
6
β
√

Snm∗vn−rel (5)

In the formula above, β is the coefficient; Sn is the normal stiffness; m∗ is the equivalent
mass; and vn−rel is normal component of relative velocity.

The mathematical expression for β as shown in Equation (6) is

β =
ln a√

ln2a + π2
(6)

In the formula above, a is the coefficient of restitution.
To objectively describe the influence of different factors on the contact effect between

particles and walls, the contact degree is defined as ψ using Equation (7), where N is the
number of particles in contact with the reactor wall, and M is the total number of particles
in the reactor.

ψ = N
M (7)

2.3. Computation Model

The fundamental assumption of the discrete element method is to treat each particle
as an independent entity, where the entire particle system consists of a collection of discrete
particles. To facilitate theoretical analysis, the following assumptions are made in this study:

1. Assumption of rigid particles: In this study, the particles were assumed to be rigid,
implying that the shape of the spherical particles did not change when they collided. This
assumption helps simplify the model and reduces computational complexity.

2. Point contact model: This study considers a point contact model, assuming that
contact between particles occurs at discrete points rather than over the entire contact area.
This assumption simplifies the contact model, reduces computational effort, and is suitable
for modeling the interaction forces between particles.

3. Soft-sphere model: A soft-sphere model was employed in this study as the contact
model. This implies that the contact between the particles possesses a certain degree
of softness, allowing for the formation of cohesive forces and considering the elastic
deformation of the particles during the contact process.

These assumptions in the discrete particle numerical simulation serve as a foundation
for modeling the behavior of particle systems during waste tire pyrolysis. They provide a
basis for understanding the particle interactions, contact forces, and overall dynamics of
the system, contributing to the optimization and design of waste tire pyrolysis equipment.

To simplify the calculation and simulation processes, waste tire particles were defined
as spherical particles in this study, and their parameters are listed in Table 1. In the actual
pyrolysis process, the shape and size of waste tire particles may change from angular
to elliptical. However, by defining a particle as a sphere, the simulation process can be
simplified to a certain extent, and an effective method is provided to study the motion
behavior of the particles. These assumptions are suitable for simulating the movement of
tire particles in a moving-bed reactor. Relevant studies were conducted to simulate the
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particle size after simplification, and relevant experiments were performed on the residence
time of the particle group with a change in the rotating speed [35]. The comparison results
show that the experimental results are in good agreement with the simulation results, which
are consistent with the actual operational results of the equipment. It can be concluded that
the movement time of the particles after simplification agrees with the actual operation,
and the surface simplification does not affect the study of particle movement.

Table 1. Particle coefficient. Material property settings reference [35].

Parameter Code Value

Particle generation rate M 0.16 kg/s
Particle radius r 10 mm

Particle Absorption Rate εσ 0.875
Particle density ρ 1020 kg/m3

Specific heat capacity of particles Cp 1300 J/(kg·K)
Recovery factor
Pellets/Pellets epp 0.421

Particle/wall surface epw 0.313
Static friction coefficient

Pellets/Pellets fpp 0.7
Particle/wall surface fpw 0.5

Rolling friction coefficient
Pellets/Pellets f’pp 0.5

Particle/wall surface f’pw 0.3
Time step ∆t 1.6 × 10−4 s

Data saving interval ∆ts 0.01 s

By defining the waste tire particles as spherical, the classical discrete particle numerical
simulation method can be used for simulations and calculations. By setting different particle
radii (7.5, 10, and 15 mm), central shaft speeds (1, 3, and 5 r/min), and feed speeds (0.16 kg/s
and 0.32 kg/s) at the feed inlet, the movement process of particles in the reactor under
different factors and the influence of various factors on particle movement were explored.

When using the EDEM software to simulate the feeding process of equipment, it is
necessary to create particles and define their physical properties. Subsequently, a particle
factory plane was created in the scene and set as a virtual face. We used this virtual
face as the particle-generation face and set its position, size, shape, and generation speed.
Simultaneously, we also needed to set appropriate physical conditions for the boundary.
Ultimately, the particle-generation mode was set. For equipment design, a rectangular
opening was set at the end of the equipment. When the particles moved to this point,
they were affected by gravity, fell from the opening, and left the model. Through the
steps above, the equipment feeding and discharging processes can be accurately simulated
and analyzed.

During the pyrolysis of waste tire particles, the reactor is typically kept fully closed
to prevent leakage of the gas product. Therefore, this study focuses on the movement
characteristics of waste tire particles in a reactor during pyrolysis. The discrete element
method (DEM) via simulation software EDEM was used to visualize the movement of
waste tire particles under different conditions, such as rotating speed, particle size, and
feeding speed. The influence of these factors on particle motion behavior was analyzed in
detail. These studies help reveal the movement characteristics of waste tire particles in the
reactor and provide important theoretical guidance and technical support for improving
the production efficiency and ensuring the safe and stable operation of the pyrolysis reactor.

3. Result Analysis
3.1. Particle Movement at Different Speeds

As shown in Figure 2, when the rotation speed of the central shaft was low, particles
accumulated at the feed inlet, resulting in an increase in the height of particle accumulation
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during axial conveying. This accumulation is not conducive to contact between the particles
and the wall. With an increase in the rotation speed, the height of particle accumulation
gradually decreased. With an increase in the rotating speed, the particles can move to a
higher position in the vertical direction to improve the contact effect between the particles
and the wall. When the velocity is high, it can not only reduce the accumulation of particles
at the feed port but also improve the accumulation state of particles in a short time, making
it easier for them to contact the wall.
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As depicted in Figure 3, an increase in the rotational speed of the central axis leads to
a higher contact degree value, enhancing the interaction between particles and the wall.
More effective contact between particles and the wall facilitates heat transfer from the
particles to the wall. At low speeds, inadequate velocity causes particles to accumulate
at the feeding port during continuous feeding, hindering the rapid enhancement of their
accumulation state and reducing contact between particles and the wall.
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As shown in Figure 3b, taking the 10 mm particle size as an example, the average
contact degree is 0.34 when the speed is 1 r/min. When the speed is 3 r/min, the average
value of contact is 0.50. When the speed is 5 r/min, the average contact degree is 0.6. From
the data above, it can be seen that as the central shaft speed increases, the average contact
degree will also increase accordingly.

3.2. Different Filling Rates

As shown in Figures 2 and 4, with an increase in the feeding speed, the agitator could
not handle the particles at the feed inlet in time, resulting in their accumulation at the
reactor feed inlet. With time, even if the central shaft has a higher speed, the problem of
particle stacking cannot be solved quickly. Compared with 0.16 kg/s, at the same speed and
position, the faster the feeding speed, the greater the possibility of particle accumulation.
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The accumulation of particles may also cause local temperature changes, which increase
the heat transfer resistance of the area where the particles accumulate.
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Figure 5 shows a schematic diagram of the contact degree comparison under different
feed rates. After analyzing the contact degree at different feed rates, it was found that
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the average difference in contact degree was 0.1 when the speed was 1 r/min. At a speed
of 3 r/min, the average difference between the two is 0.13. When the speed is 5 r/min,
the average difference between the two values is 0.15. It can be concluded that when the
feed rate doubles, the average contact degree decreases by at least 10%, and as the speed
increases, the difference between the average values of the two increases.
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3.3. Particles with Different Particle Sizes

Upon entering the reactor, particles move forward propelled by the stirring teeth, as
depicted in the comparison of Figures 2 and 6. Additionally, the 15 mm particles display
comparable axial movement to the 7.5 mm and 10 mm particles due to friction against
the reactor wall [36]. When central axis velocities are low, particles gather at the inlet; yet
limited particle numbers result in a relatively low accumulation height. With increased
speed, the stacking height of 15 mm waste tire particles at the inlet decreases, leading to a
reduced duration of the stacking process. Consequently, particles can efficiently contact the
reactor wall surface upon entry, facilitating effective heat transfer.
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As shown in Figure 7, among the three types of particles with particle radii of 7.5 mm,
10 mm, and 15 mm, the larger particle exhibits a higher degree of contact. The average
contact degree of the 15 mm particles is 10% higher than that of the 10 mm particles.
The average contact degree of the 15 mm particles is 20% higher than that of the 7.5 mm
particles. This implies that, under identical conditions, an increase in particle size results
in enhanced contact, with the value discrepancy in contact growing as the size difference
between particles increases.
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4. Conclusions

A three-dimensional model of a single horizontal shaft-stirred reactor was established
to simulate the effects of three actual production factors on the movement of particles
in the reactor: particle size, feed rate, and central shaft speed. The main conclusions are
as follows.

(1) With an increase in the central axis speed, the degree of contact between the
particles and reactor wall increased, and the contact effect between the particles and reactor
wall was optimal when the central axis speed was 5 r/min. At the same rotating speed, with
an increase in particle size, the contact effect between the particles and the wall improved,
and the particle size had a significant impact on the degree of contact. When the feed
rate was 0.32 kg/s, the particles accumulated obviously at the feed inlet, which was not
conducive to the contact between the particles and the reactor wall.

(2) Under the actual working conditions of a single horizontal shaft-stirred reactor,
the particles moved continuously under the action of the stirring teeth, which realized
the design requirements of the continuous operation of the reactor, in which the particles
moved axially along the central axis. Simultaneously, the accumulation state of the particles
is also improved during the movement process. A higher rotating speed, larger particle
size, and smaller feed rate can improve particle accumulation, which improves the contact
effect between the particle group and the reactor wall.

(3) Visualization research using the discrete element method simulation software
EDEM was helpful in revealing the movement characteristics of particles in the reactor
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and verifying the reliability of continuous operation of the reactor and the influence of
various factors on the movement of internal particles. This provided important theoretical
guidance and technical support to ensure the safe and stable operation of the pyrolysis
reactor. Owing to the actual conditions, it was impossible to conduct an actual cold-state
experiment, and such an experiment should be performed in the future when the conditions
permit. In future research, further theoretical support can be provided for the improvement
and operation of equipment by exploring two heat transfer methods, including radiation
and heat conduction, for particles inside the reactor through the secondary development
of software.
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