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Abstract- Plastic is a widely used material in our daily
life, but it poses a major environmental problem due to its
non-biodegradable nature. To solve this problem, plastic
pyrolysis has emerged as a promising technique in order
to transform plastic waste into fuel. The study at hand
focuses on the thermomechanical analysis of a plastic
pyrolysis reactor. The virtual design of the reactor is
created via 3D-CAD using SolidWorks software and
evaluated using the FEM method with a numerical
simulation on ANSYS software. The plastic waste used
in the pyrolysis process was Low Density Polyethylene
(LDPE) bags. ANSYS software measured, through
thermo-structural analysis, thermal strain, thermal stress
and total deformation of the reactor throughout the
pyrolysis process at different temperatures. The results
indicate that the maximum values of thermal strain,
thermal stress and total deformation are 0.0011730,
160.67 MPa and 1.525 mm respectively. The obtained
results clearly show that the reactor is capable of stable
operation at a maximum temperature of 600 °C.

Keywords: Plastic Waste, Reactor, Pyrolysis, Fuel,
Thermomechanical Analysis, Hydrocarbon.

1. INTRODUCTION

Plastic waste has become a serious issue for the
environment due to its increasing accumulation in
landfills, oceans and terrestrial ecosystems. Plastics are
not biodegradable and can take hundreds of years to
degrade. Based on a current study that was published in
the Science Advances journal, around 8.3 billion tons of
plastic have been manufactured globally since large-scale
plastic production first started in the 1950s. Of this
amount, only 9% was recycled and 6.3 billion tons of
plastic that were produced became waste. The rest has
been incinerated or ended up in landfills, oceans and
natural ecosystems [1]. Alarming amounts of plastic
garbage have been found in the world's oceans.
According to a study by the Ellen MacArthur Foundation,
there will be more plastics than fish in the oceans by 2050
if no action is taken to reduce plastic production and
improve its management [2]. Pyrolysis, which is regarded

as an energy recovery process, is a way to treat this waste
in order to address the environmental disaster. Pyrolysis
is a method of thermal treatment of plastic waste that uses
heat to break down the polymers into simpler
hydrocarbons. This method can be used to produce liquid
hydrocarbons, gases and charcoal, which can be used as
fuels or feedstocks for the production of new chemicals.
The thermal cracking of plastic waste has been the
subject of several investigations. Singh, et al. [3]
investigated the impact of fast and slow pyrolysis on the
composition and quality of pyrolyzed products, while
Miandad, et al. [4] examined the use of catalytic pyrolysis
to become a key technology in biorefineries. Other
studies, such as the work of Syamsiro, et al. [5], have
focused on optimizing pyrolysis to maximize the
production of high-quality liquid hydrocarbons. A steel
pyrolysis reactor is a piece of equipment used to convert
waste plastics thermochemically into energetically
valuable chemicals. The design of such a reactor must
take into account several parameters, including corrosion
resistance, high temperature resistance and structural
stability. In this context, the goal of this study is to
perform a thermomechanical analysis of a mild steel
pyrolysis reactor, using the Finite Element Method
(FEM) with the help of a numerical simulation on
ANSYS software. The analysis will aim to evaluate the
thermal stresses and strains in the reactor at various
temperatures, so as to determine the efficiency and
stability of the reactor under actual operational
circumstances. The obtained results will be applied to
enhance the pyrolysis reactor's design and functionality.

2. RELATED WORKS

Numerical modeling is a widely used simulation
method for the analysis and prediction of pyrolysis
processes of plastic and biomass waste. In this context,
several studies have been conducted to understand the
complex phenomena that occur during the pyrolysis
process, such as heat and mass transfer, as well as fluid
dynamics. Jackson, et al. [6] have developed a simulation
tool whose purpose is to analyze and simulate reactors
such as batch, continuous stirred and plug flow reactors.
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It has java-based graphical user interfaces and
simulates reaction kinetics in the liquid phase. Ajay, et al.
[7] used 3D CAD software for the design and modeling
of a prototype pyrolysis of plastic materials and
SolidWorks. At a base temperature of about 600 °C,
Low-Density Polyethylene was pyrolyzed in a batch
system reactor, and the steam produced was directed into
a horizontal condenser with tubes and shells oriented in
the opposite direction. Kehinde, et al. [8] performed the
design, simulation, as well as implementation of an
electrically driven pyrolysis furnace. The design was
thoroughly analyzed and then validated by numerical
simulation via Finite Element Analysis (FEA). Cassava
peels were used to test the newly created oven. The
system showed an efficiency of 54%, while the ratio
between the energy produced and the energy consumed in
the process was 0.952.

Recently, Ramin, et al. [9] simulated the fluidization
hydrodynamics of the biomass gasification process using
both a multiphase Euler approach and Computational
Fluid Dynamics (CFD) based model. It was determined
that the K-turbulent RNG model provided the most
accurate representation of the process. It was revealed
that the Syamlal-O'Brien drag model could effectively
estimate the decrease in bed pressure. Also, the
distributions of the gas composition for biomass
gasification in a fluidized bed with chemical loop
technology were predicted using CFD. This was possible
because CFD can simulate the mixing and segregation
characteristics between two solid phases. Xiong, et al.
[10] conducted a comprehensive review of research on
computer modeling of rapid biomass pyrolysis. Their
results highlighted that to achieve high tar yield, it is
recommended to keep the inlet temperature and wall
temperature around 800 K, with a nitrogen flow rate of
approximately 0.6 m.s™\.

To simulate the fast thermal cracking of red oak and
examine the impact of gas phase duration of stay on tar
production, the researchers employed the CFD Multi-
Fluid Modeling (MFM) technique. A study conducted by
Mukesh et al. involved simulating fast biomass pyrolysis
in a rectangular bubbling fluidized bed using a
multiphase particle-in-cell (MP-PIC) framework, which
included a comprehensive three-dimensional reactive gas-
solid computational fluid dynamics (CFD) model with
two-stage semiglobal kinetics to match experimental data
and analyze the impact of operating conditions and
reactor configurations on product yields, providing
essential insights for potential reactor enhancement and
optimization. Furthermore, the results of this research
demonstrate that the model effectively captures the
evolution of product performance (non-condensable
gases, tar and coal) at varying reaction temperatures. To
model the hydraulics of a pilot-scale dual-light fluidized
system for biomass gasification, Luo, et al. [12] created a
3D CFD model. In this model, they performed a
comparison between an EMMS hybrid train model and a
Gidaspow train model. The hybrid EMMS trajectories'
predictions of the solid circulation rate, solid inventory
distribution, and solid pressure distribution were more in
line with the experimental data.
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3. MATERIALS AND METHODS

3.1. Key Laboratory Scale Pyrolysis Reactor and
Procedure

In this work the pyrolysis tests were performed in a
pilot scale batch reactor. The reactor volume was
specifically sized to accommodate a maximum of 6
kilograms of plastic waste. The reactor was made of mild
steel with a sealed end and an exhaust tube at the other
end that was connected to a three-section condenser. The
reactor is shaped like a cylinder, measuring 512 mm in
height, 200 mm in outer diameter, and 6 mm in thickness.
Figure 1 shows a visual representation of the developed
pyrolysis reactor. Table 1 shows the parameters of the
reactor used.

Figure 1. Geometry of the pyrolysis reactor

Table 1. Parameters of the pyrolysis reactor

Reactor components Dimension
Feedstock reactor capacity 12.5L
Reactor height 512 mm
Outside diameter 200 mm
Thickness 6 mm
Length of condenser section 400 mm
Diameter of the condenser section 40 mm

To provide the necessary heat for the transformation
of the plastic waste, electrical heating elements were used
in this process. The entire system is purged with nitrogen
gas for 10 to 15 minutes to ensure an oxygen-free
environment, as oxygen interferes with the pyrolysis and
causes unfavorable side reactions. The temperature of the
reactor is measured and controlled by a K-type
thermocouple which transmits the temperature to a
Proportional-Integral ~ Derivative  (PID)  controller
connected to the heating resistors. The temperature of the
various phases can be precisely controlled and regulated
by this system. The hydrocarbon vapor cracked from the
plastic waste passes through a condenser, with two
sections, installed at the outlet of the reactor. A storage
tank is used to condense the gases and to collect the
liquid fraction, and the second outlet which ensures the
flow of the incondensable gases. In Figure 2, the
experimental setup is displayed.



International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 59, Vol. 16, No. 2, Jun. 2024

Condenser 1

Condenser2

PID
Controller

I Pyrolysis Reactor Flowmeter

Sensor

Reservoir

I Valve 2

Band Heater 3 Band Heater 2 Band Heater 1

Nitrogen Cylinder

Figure 2. Schematic representation of the experimental setup

3.2. Preparation of the Sample

The raw materials used for the pyrolysis process were
Low Density Polyethylene (LDPE) bags obtained from
the final disposal site in the city of TIT MELLIL in
Morocco. The washing, drying and grinding of the
materials were performed manually. The quantity of
plastic waste used in this process was about 4Kg. The
LDPE are thermoplastic polymers characterized by a low
density around 0.90 g/cm® and a melting temperature
close to 105 °C. The LDPE plastic waste is used in the
pyrolysis process as a raw material to be transformed into
liquid fuel with energy value.

3.3. Numerical
Elements

In this study, the virtual design of the reactor is
produced wusing SolidWorks software via three-
Dimensional Computer-Aided Design (3D-CAD), and it
is then assessed using the FEM method. This is a
numerical method used for solving systems of complex
differential equations that describe the behavior of
physical structures. This method is widely used in
engineering, materials science and physics to simulate the
behavior of complex structures [13]. The structure is
decomposed into elements of simple geometric form with
common sides and whose vertices (nodes) are the points
of articulation of several elements between them. These
nodes will be the points of application of internal or
external forces. The decomposition operation is "the
mesh". The finer the mesh, the more accurate the results,
but this can also increase the computation time required.

The choice of mesh type and density depends on the
physical properties of the system, as well as the accuracy
and computational speed required for the simulation [14].
In this work, FEA is used to simulate the mechanical and
thermal behavior of the pyrolysis reactor under boundary
conditions. This method allows to evaluate the thermal
stresses, thermal braids, and total deformations that occur
in the reactor at different temperatures and under various
process conditions. Using this method, it is possible to
simulate the actual operating conditions of the pyrolysis
reactor and identify the areas where thermal stresses are
the highest. The simulation results can be used to
optimize the system design and to ensure its safety and
durability under operating conditions.

Modeling Procedure by Finite
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Creation of 3D CAD geometry
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Figure 3. Thermomechanical analysis procedures

The approach consists in performing a thermo-
structural coupling based on the ANSYS calculation
software by involving the integration of thermal and
structural modeling to simulate the behavior of the
reactor subjected to high temperature conditions. It also
consists in modeling the mechanical structure in a first
step and then to couple the thermal effect in a second step
(Figure 3). Thus, by creating the geometry in the first
physical environment, it can be used in all subsequent
steps. The geometry is kept constant. Although the
geometry must remain constant, the types of elements can
change. For example, thermal elements are needed for a
thermal analysis while structural elements are needed to
determine the stresses in the geometry.
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4. RESULTS AND INTERPRETATIONS

The manufacturing process that converts waste
plastics into liquid fuels is based on the thermolysis of
plastic polymers and the resulting condensation of
volatile fractions. A temperature range of approximately
350 °C to 570 °C caused decomposition reactions of the
waste plastic molecules inside the reactor to provide
hydrocarbons of different chain lengths. FEM was used in
this study to model and simulate the reactor behavior and
structure. This structure was created using a 3D model.
Based on ANSYS computational software, thermal
analysis is used to simulate the thermal stress distribution
and thermal strains through the wall of the pyrolysis
reactor.

100.00

200.00 (mm)

50.00 150.00

Figure 4. FE model of the geometry

In this method, the stress-strain field is calculated
using the sequential coupling method, where the
temperature field is first calculated to determine the
temperature cycle history of each node in the finite
element model, and is then used as the thermal load to
determine the displacement of each node and the stress-
strain value of each element. In order to avoid prohibitive
computational time and without losing accuracy and
efficiency, the mesh of the finite element model is
relatively intense around the heat-affected area,
specifically the contact surface with the electrical
resistors, and sparse in other locations. The model
includes a total number of 23.831 nodes and 12.023
elements. Figure 4 shows the finite element mesh
representation of the three-dimensional model.

One end of the reactor would be held fixed, while the
other end would be free to expand due to thermal
expansion (Figure 5). This possibility of expansion on
both sides resembles that of a solid bar, and the fixation
was applied so as to facilitate the resolution of the model.
During the thermal cracking process and with
temperature variation, there is a possibility of contraction
or expansion through the reactor shell layer which will
cause deformation of the reactor shell. Therefore, a
thermal analysis was performed using ANSYS software
to test the strength of the reactor material during the
temperature increase. The thermal strains, thermal
stresses and total deformation were calculated to find the
excellent design of the reactor. Variations in thermal
conditions are caused by the electrical resistances used
and the temperature produced. The thermal conditions
were defined with limits of 350, 400, 450, 500, 550 and
600 °C. The ambient temperature was set at 22 °C. Table
2 shows the values of thermal strain, thermal stress and
total deformation of the reactor at different temperatures.
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B: Static structure
Structure static
Time: 1, s
25/02/2023 19:22

. Cylindrical support: 0, mm

. Fixed support

0.00 100.00 200.00 (mm)

50.00 150.00

Figure 5. Fixed side in the expansion under thermal

Table 2. Values of thermal strain, thermal stress and total deformation
of the reactor at different temperatures

Thermal Total Deformation | Thermal Stress | Temperature

Strain (mm) (MPa) (°C)
0.0005598 0.865 116.35 350
0.0006398 0.997 127.43 400
0.0007731 1.129 138.51 450
0.0009064 1.261 149.59 500
0.0010397 1.393 155.13 550
0.0011730 1.525 160.67 600

Figure 6 shows the distribution of thermal stress
created during pyrolysis in the reactor shell. The thermal
stress values vary from 116.35 MPa to 160.67 MPa as the
maximum value. The maximum value recorded in this
simulation does not exceed the elastic limit of the
material. The distribution of thermal strain in the reactor
at various temperatures is shown in Figure 7. The
maximum value of the stress equal to 0.0011730 is
reached at 600 °C. The excessive thermal stresses are
generated at the reactor shell within acceptable limits,
which allows an efficient transformation of the plastic
waste. The thermal study performed by ANSYS software
also predicted the corresponding total deformation.
Figure 8 shows the plot of the deformation on the outer
surface of the reactor at different temperatures. The
values of the total deformation vary from 0.865 mm to
1.525 mm. On the reactor model we have a color
degradation from green, yellow and brown to red where
the critical value of the largest deformation which is
located in the unfixed side of the reactor (Figure 9).
However, these total deformation values are also
relatively small compared to the dimensions of the
reactor, indicating that the deformations of the reactor are
not excessive.

Figure 6 shows the distribution of thermal stress
created during pyrolysis in the reactor shell. The thermal
stress values vary from 116.35 MPa to 160.67 MPa as the
maximum value. The maximum value recorded in this
simulation does not exceed the elastic limit of the
material. The distribution of thermal strain in the reactor
at various temperatures is shown in Figure 7. The
maximum value of the stress equal to 0.0011730 is
reached at 600 °C. The excessive thermal stresses are
generated at the reactor shell within acceptable limits,
which allows an efficient transformation of the plastic
waste. The thermal study performed by ANSYS software
also predicted the corresponding total deformation.
Figure 8 shows the plot of the deformation on the outer
surface of the reactor at different temperatures. The
values of the total deformation vary from 0.865 mm to
1.525 mm.



International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 59, Vol. 16, No. 2, Jun. 2024

B: Static structure
thermal stress: 350°C

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1s
25/02/2023 15:53

116.35 Max
103.45

SRRRRRRT RRRNERY

- N A A NN
77.636 A OO AR
64731 ‘:f;f;f;fg’v%v#"":'#féfﬂ*l‘}*f"#ﬂ#
51.626 V0K
38.921
26.016
13.111

0.20635 Min

S

avaaAY;
VAVATAVAT

B: Static structure
thermal stress: 400°C

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1s
25/02/2023 15:5¢

127.43 Max SR
S RRRRRRRRRASRRSN
i SR A
99.164 NN SIS NSRNSRK] )
: KRR N SOORK] %
85.03 Vi Avuvm}v:uA Wi
sa762 AR
56.762 A ATAATTATAYA
42.628
28.494
14.36
0.226 Min

B: Static structure

thermal stress: 450°C

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1s

25/02/2023 16:02

138.51 Max

10779 R RRAARRRARRRRAAR
107.21 LR
92423 KRR
77.06 %gmuuA
46.335

30.972

15.609

0.24565 Min

B: Static structure

thermal stress: 500°C

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1s

25/02/2023 16:04

149.59 Max
133 SRR RRERRRRRRRRRR
116.41 §§§§§§§§§§§§Esss RRRRRN
99.817 N CRE

83.225

66.633
50.049
33.449
16.857
0.26531 Min

B: Static structure
thermal stress: 550°C

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1s
25/02/2023 16:5

155.13 Max

S RRRRRRRRRRRRRERRSY
137.93 S AR RRRRERRRRRRRRRRRREY]
RN SRR R
120.72 gmmmﬂmﬂm;; “‘%‘%‘#‘#‘5&?“' “:
N ARRRRRNIINAINNVVS ORI
a630s A A
' ey
69.101 D CVATAVAYAAVAYAVATAVAYAVAVATAVATATAVAV %
51.895
34.688
17.482
0.27513 Min

B: Static structure

thermal stress: 600°C

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1s

25/02/2023 17:07

160.67 Max

N R RRRRRRRRRRSRRS
107.21 %
89.39
71.569
53.748
35.927
18.106
0.28496 Min

KRS

A

Figure 6. Thermal stress distribution in the model at different operating
temperatures

28

On the reactor model we have a color degradation
from green, yellow and brown to red where the critical
value of the largest deformation which is located in the
unfixed side of the reactor (Figure 9). However, these
total deformation values are also relatively small
compared to the dimensions of the reactor, indicating that
the deformations of the reactor are not excessive.

Figure 10 shows the thermal stresses and strains
developed as a function of temperature change in the
reactor. During fuel production, thermal stresses were
applied, causing minor deformations in the reactor wall.
Temperature fluctuations can exert a significant influence
on the strength and durability of the reactor. It is
observed that thermal displacements and thermal stresses
caused by temperature changes during the thermal
cracking process, increase as the reactor temperature
rises, and there is no thermal expansion that could lead to
reactor failure. The results indicate that the safety and
reliability of the reactor is assured for producing fuel
from plastic materials. However, higher temperatures can
also be used for shorter reaction times to increase the
conversion rate or to produce specific products. The
analysis of the stability of the pyrolysis reactor at high
temperatures is crucial to ensure the safety of the plant.
Our results showed that the reactor is capable of
withstanding temperatures up to 600 °C with acceptable
thermal stresses and total deformations. However, to
evaluate the capacity of the reactor at even higher
temperatures, simulations were also run at 700, 800, 900,
and 1000 °C.

Figure 11 provides a visual illustration of the results
obtained from the analysis performed. The results of the
study indicated that the thermal stresses increase rapidly
with temperature, reaching a maximum value of 466.89
MPa at 1000 °C. These values greatly exceed the elastic
limit of the pyrolysis reactor at temperatures above 600
°C, which can lead to structural failure or even reactor
rupture. Therefore, it is recommended not to use the
reactor above 600 °C to ensure its long-term stability and
safety.

5. CONCLUSION

The process of converting plastic waste into liquid
fuels is a promising technology for plastic waste
management. Thermolysis of plastic polymers in a
pyrolysis reactor can generate hydrocarbons of different
chain lengths with energy values, but requires careful
analysis to ensure the strength and durability of the
reactor at high temperatures. In this study, a temperature
range of approximately 350 °C to 570 °C resulted in
decomposition reactions of waste plastic molecules
within the reactor to provide a liquid fuel. The use of
finite element modeling and simulation was used to
analyze the thermal behavior and structure of the
pyrolysis reactor. The study's findings demonstrated that
the maximum thermal stress levels in the reactor shell
ranged from 116.35 MPa to 160.67 MPa. The highest
value that did not exceed the elastic limit of the reactor
material was recorded at a temperature of 600 °C.
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Figure 7. Thermal Strain distribution in the model at different operating

temperatures
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Figure 8. Total deformation of the model in thermomechanical coupling

at different operating temperatures
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Figure 9. Maximum total deformation of the pyrolysis reactor
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Figure 10. Correlation between the temperatures and the thermal Stress
and Strain undergone by a reactor
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Figure 11. Thermal stress of the reactor body at different operating
temperatures of 700, 800, 900 and 1000 °C
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This indicates that the material can withstand the
thermal stresses generated during pyrolysis of the plastic
waste at this temperature. Excessive thermal stresses
were produced at acceptable levels in the reactor shell,
allowing for efficient processing of the plastic waste. The
maximum thermal strain values were recorded at 600 °C,
reaching 0.0011730. The results also showed that the
total deformation levels in the reactor varied between
0.865 mm and 1.525 mm. The maximum value of total
deformation was also recorded at 600 °C, but these
deformation levels are relatively small compared to the
dimensions of the reactor. This suggests that the
deformations of the reactor are not excessive. The critical
deformation was located in the non-fixed side of the
reactor, with a maximum value of 1.525 mm. In
conclusion, these results indicate that the reactor is
capable of withstanding the thermal stresses and strains
generated during the thermal cracking process. It is
essential to note that although the results of the study
indicate that the reactor is capable of withstanding the
thermal stresses and strains generated throughout the
pyrolysis process of the plastic waste, this is only true up
to a maximum temperature of 600 °C. Above this
temperature, the reactor material could be subjected to
levels of thermal stress and strain that exceed acceptable
limits, which could result in damage and loss of
efficiency in the pyrolysis process.
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