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Abstract

This paper presents the steady-state thermal and static structural modelling of a laboratory-scale pyrolysis reactor for the
thermal degradation of biomass wastes. A laboratory-scale pyrolysis reactor of volume 9.203 x 10°m? was developed to
pyrolyse Palm Kernel Shell (PKS) and Palm Fruit Bunch (PFB) at varying temperatures of 350°C, 400°C, 450°C, 500°C,
and 550°C. The reactor chamber was simulated for static-steady thermal and static structural analysis to determine the
temperature distribution and thermal stresses induced in it. The model was developed using SolidWorks software, and a
Computational Fluid Dynamics (CFD) simulation was carried out using ANSYS Workbench 19. A total number of 2,459
elements was generated composed of 8630 nodes using Hexahedra dominant meshing method. It was observed from the
simulation result that the temperature distribution inside and outside the reactor chamber were 454.29°C and 550°C
respectively. The maximum heat flux of 8.3466e+005 W/m?2 occurred at the inner chamber of the reactor due to the high
concentration of the biomass waste and devolatization reaction, and the maximum equivalent (von-Mises) stresses the
material can withstand at higher temperature is 1.6674e+009 Pa without rupture. It was found out from the simulation result
that at a maximum temperature of 550°C, the equivalent (von Mises) stresses induced at the outer and inner chamber is
1.8585e+008 Pa, which is far lower than the maximum stress the material can withstand without rupture. Thus, the reactor
is safe to operate at a temperature higher than 550°C without failure.
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1. INTRODUCTION the most promising means to resolve the issue of future
Energy derived from biomass is making a energy demand since; it is clean and has no negative
benchmark despite an assortment of sustainable power impact on the environment and the ecosystem [4].
sources accessible on the earth due to little dependency ]
on geographical location and climate variation, which are Biomass can be converted to thermal energy,
proven diversification factors of biomass that can grow liquid, solid or gaseous fuels, and other chemical
in heterogeneous conditions [1]. Biomass is the only products through a variety of conversion processes that
other naturally occurring energy-containing carbon have been proposed by many researchers [5-7]. The
resource that is large enough in quantity to be used as a thermochemical conversion process is the thermal
substitute for fossil fuels [2]. Exhaustible fossil fuels are decomposition of the organic components of biomass
currently burned to meet 85% of the world's energy into biofuel and is produced by applying heat and
needs. By 2025, there will likely be a 50% rise in the chemical processes to biomass [8]. The major processes
world's energy Consumption’ with qu|Ck|y deve|0ping are combustion, torrefaction, "qUEfaCtion, gaSiﬁcation,
nations accounting for the majority of this growth. The and pyrolysis [9, 10, 8].
need for a long-term alternative energy supply that is
renewable is evident given the expanding world Pyrolysis, the thermal decomposition of
pop[‘”atioﬂl rising energy demand per person, and g|oba| biomass by heating either in the absence of oxygen or in
warming [3]. Renewable energy from biomass is one of a limited supply of oxygen, is carried out at 400-800°C.
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The main products are usually referred to as condensable
(tars) and non-condensable volatiles and char. The
condensable volatiles are often classified as liquids (bio-
oils), while the non-condensable volatiles compose
gases, mainly CO, COy, Hy, ethane, and ethene [11, 12].

The reactor is the heart of the pyrolysis process;
it is a place where all reactions occur [13, 14]. Selection
of the type of reactor for biomass pyrolysis is important
as it has significant effects on the product composition
and yields and also, quality predictions are difficult
because the dynamics of each pyrolysis reactor are
different [15]. Researchers have studied the modelling
and optimization of pyrolysis reactors for thermal
analysis to predict the behaviour of the reactor during the
pyrolysis process. Queseda et al., [16], studied the
optimization of the pyrolysis process of plastic waste to
obtain a liquid fuel using different mathematical models
with optimum operating temperature conditions of
500°C, a residence time of 120mins and a 20°C/min
heating rate. Zhang et al., [17], performed a numerical
investigation on the heat transfer in a rotary pyrolysis
furnace; it was observed the heat transfer rate was
increased when the granular heat carriers were loaded on
the reactor. In the same vein, Kumar et al., [18], carried
out that analysis and simulation of a small-scale
pyrolysis reactor modelled using 3D CAD software and
evaluated using ANSYS software, for conversion of
plastic waste to fuel at temperatures up to 650°C. it was
found that the maximum and minimum thermal stress
and strain values developed inside the mini reactor were
127MPa, 158MPa, and 0.001529 and 0.001649
respectively. Jhung [19], performed a fatigue analysis of
SMART  (System-Integrated Modular  Advanced
Reactor) during arbitrary transients, the results were
applied to a finite element model to determine heat
transfer coefficients and stress developed, which are used
to calculate the cumulative usage factor. The cumulative
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usage factor was found to be 0.00699 which is well
below the allowable level of 1.0. Also, Mellin et al., [20],
developed a comprehensive chemistry model for fast
pyrolysis in a fluidized bed assuming the biomass
decomposition via both primary and secondary reactions.
Xue et al., [21], developed a Eulerian-Eulerian model for
fast pyrolysis of biomass in a fluidized bed reactor using
a multi-kinetic model for biomass reaction and predicted
maximum bio-oil production at about 500 which is in
good agreement with the experimental results. In the
report of [22], numerical modelling was used to simulate
biomass pyrolysis in a fixed bed reactor at a heating rate
of 1073 kJ/kWh, with temperatures ranging from 523 K
to 923 K. Results revealed good agreement between the
experimental and numerical results.

In this study, a pyrolysis reactor made from
Stainless-Steel SS 316 Grade with the dimensions of 270
mm X 260 mm was developed and modelled using
SolidWorks software as shown in Figure 1, to predict the
thermal and structural behaviour of the material at high
temperatures during the pyrolysis reaction. CFD
simulation using ANSYS Workbench 19 was used to
simulate the thermal and static structural analysis of the
reactor chamber. A 2.0 kW heater band of 272 mm
diameter was wrapped around the reactor to serve as a
heat source.

2. MATERIAL AND METHODS
2.1 Materials

In this study, an autoclave made of stainless
steel was used as the reactor chamber because of the
highly corrosive nature of bio-oil and high operating
temperature. The piping from the reactor chamber to the
condenser is made from stainless steel. The properties of
the material used for the reactor chamber are shown in
Table 1.

Figure 1: Reactor Chamber Model
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Table 1: Properties of Reactor Material

Parameter Unit Stainless steel (Ferritic)
Density kgm 7720

Coefficient of Thermal Expansion | K* 1.05E -005

Poisson’s Ratio - 0.28

Shear modulus MPa 7.812E +0.10

Ultimate Tensile Strength MPa 5.08E +008

Thermal Conductivity WmiC? | 245

Young Modulus MPa 2.E+0.11

2.2 Methods
2.2.1 Heat Transfer Model

The mode of heat transfer (conduction,
convection, and radiation) in the solid interface was used
to model the heat transfer in the reactor chamber.
Temperature and the flow of heat are the basic principles
of heat transfer. The heat conduction equations used in
this model are given in Equations (1) and (2) [23].

d
PCSE+ Py VT +Vq = Q + Qeeg +vovvoo- (1)
q=—KVT oo, )

where: p is the density, dT is the change in
Temperature, C, is the heat capacity at constant pressure,
.VT is the temperature gradient, Vq is the heat flux
gradient, Q is the total heat transfer and Kk is the thermal
conductivity.

2.2.2 Reactor Model Equations

CFD model was employed in the modelling of
the reactor chamber to simulate the steady-state thermal
and static structural analysis using ANSYS Workbench
19. Steady-state thermal analysis is used to determine the
temperature distributions and thermal stresses of the
reactor model. The analysis was based on the type of
material and the diameter of the reactor chamber.
Various contours were plotted for the boundary
conditions and different paraments were calculated. The
air, as working fluid inside the reactor was assumed
three-dimensional, in a steady state, compressible, and
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turbulent. The governing equations are continuity,
momentum and energy equations, which apply to the
flow from Reynold-average Naiver-stroke equations as
given in Equations (3), (4), and (5) [24, 25].

ap a _
E+a—w(puj) =0 e, 4)

A+ 2 (pusUy) = —:—;+%[TU —pU U] ... (5)

dphy 0P , @ 9 aT —
"ot~ ot tog (PUR) = =5 (K3 = PUR) +
Uity = PO + St oo (6)
J
Where:

p is the density, t is the time, U is the directional
velocity, p is the pressure, 1 is the stress tensor, his the
total enthalpy, k is the thermal conductivity, T is the
temperature, and Sy is the heat source term. The
unknown quantities, namely directional velocity,
pressure, and enthalpy, use the average of Reynolds.
During this process, the Reynolds stress term (TU,) and
the turbulent flux term (poU;h,) are produced.

2.2.3 Mesh Generation and Boundary Conditions

The geometry of the simulation domain was
discretized into finite elements. A total number of 2,459
elements were generated using Hexahedra dominant
meshing method composed of 8,630 nodes as shown in
Figure 2. The boundary conditions were set based on the
designed values as shown in Figure 3.
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Figure 2: Mesh Generation
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Figure 3: Boundary Conditions

3. RESULT AND DISCUSSION
3.1 Temperature Distribution

Figure 4 shows the temperature distribution along the reactor.

0.000

=«

0.200 (rm)

Figure 4: Temperature Distribution

It was observed that maximum temperature
occurred at the outer part of the reactor and within the
inner part of the reactor where pyrolysis reaction take
place, the inside temperature was found out to be
454.28°C and the outer part maximum temperature was
550°C. This shows that maximum stresses were induced
on the outer part of the reactor than the inner part.

3.2 Heat Flux Analysis

Figure 5 shows the total heat flux generated in
the model. The maximum heat flux of 8.3466e+005
W/mz2 occurred at the inner chamber of the reactor due to
high concentration of the biomass waste and as a result
of devolatilization reaction taking place.
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Figure 5: Heat Flux Distribution

The heat flux at the outer part of the reactor
chamber was found out to be 6.4968e+005 W/m?2 and this
is less than the heat flux within the reactor as a result of
heat being conducted to the inner chamber by conduction
mode of heat transfer. The minimum heat flux of 2275.8
W/m? was generated at the reactor stand.

1.1118e9
9.2664e8
741448
5.5625e8
3.7105e8
1.8585e8
6.5466e5 Min

0.000

3.3 Static Structural Analysis Result

The static structural analysis simulation was
carried out on the reactor model and the equivalent (von-
Mises) stress for the reactor model is shown in Figure 6.

x‘._J
0.200 (m)

Figure 6: Static Structural Analysis

It was revealed that the maximum equivalent
stress the material can withstand at higher temperature is
1.6674e+009 Pa. At the maximum temperature of 550°C,
the maximum stress induced at the outer and inner
chamber is 1.8585e+008 Pa, which is far lower than the
maximum stress the material can withstand without
rapture. This means the reactor is safe to operate at

temperature higher than 550°C without failure. The
minimum stress of 6.5466e+005 Pa was induced at the
base of the reactor. The maximum deformation that can
occur in the reactor was found to be 1.1093e-003 m and
this occur at the flange of the reactor where gas vapour
is concentrated as shown in Figure 7. The factor of safety
of the reactor is found to be 1 as shown in Figure 8
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Figure 7: Total Deformation
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Figure 8: Factor of Safety

4. CONCLUSION

In this study, performance analyses of the
reactor were carried out in reference to the steady-state
thermal and static structural analysis of the reactor
model. The analyses were done using ANSYS
Workbench 19. The CFD model was based on mass,
momentum, and energy equations for the gaseous phase.
2439 elements compose of 8630 nodes meshes were used
to fully capture all the flow details in the reactor. Due to
devolatilization reaction of biomass waste, the heat flux
generated at 550°C was 8.3466e+005 W/mz2, and
1.8585e+008 Pa stress was induced in the reactor. This
value is far less than the maximum stress the material can

withstand without rupture, and it shows that the material
can perform effectively under a high temperature without
rupture.
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