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Abstract

Particle-resolved simulations have been performed to study the pyrolysis process of a high-density polyethylene (HDPE)
particle in an inert hot nitrogen flow. The simulations resolve the velocity and temperature boundary layers around the
particle, as well as the gradients of temperature and concentration within the particle. The objective of this work is to gain an
in-depth understanding of the effect of particle morphology-specifically, the particle size and shape-on the interplay between
heat transfer and pyrolysis progress, as well as to assess the applicable particle size when using the Lagrangian concept for
simulating plastic pyrolysis. In all simulation cases, the pyrolysis reaction is initiated at the external surface of the particle,
where the particle is heated the fastest. The reaction front propagates inward toward the core of the particle until it is fully
pyrolyzed. For particle diameters larger than 4 mm, distinct temperature gradients within the particle can be detected, leading
to a temperature difference of more than 10 K between the core and the external surface of the plastic particle. In this case, the
Lagrangian simulations yield a considerably slower conversion compared with the particle-resolved simulations. Moreover,
the cylindrical particle in longitudinal flow has been found to be pyrolyzed more slowly compared with the spherical and
shell-shaped particles, which is attributed to the enhanced heat transfer conditions for the cylindrical particle. The results reveal
the importance of considering particle morphology when modeling plastic pyrolysis. In addition, the Lagrangian approach,
which assumes particle homogeneity, is only applicable for particle diameters smaller than 2 mm when modeling plastic

pyrolysis.

1 Introduction

At present, only 9% of the worldwide 400 Mt plastic waste
are recycled and 22% of them are mismanaged, for instance,
disposed of in the nature or the oceans. The remaining 69%
are either landfilled or incinerated, which negatively affects
the environment and causes significant greenhouse gas emis-
sions [1]. The main reason for the low recycling rate is that the
conventional approach based on mechanical recycling can be
used only for a subset of plastic products with high purity.
In contrast, chemical recycling via pyrolysis is regarded as
a promising technology that can be applied to recycle mixed
and contaminated plastics. During the pyrolysis process,
plastic polymers are thermally decomposed into their build-
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ing blocks, which can be reused to produce new plastics.
Pyrolysis generates a range of products, typically classified
into three categories: volatile gases (including CO, CO;, Ha,
CHy, and C,-C4 hydrocarbons), condensable vapors (com-
prising long-chain hydrocarbons and aromatic compounds)
and solid residues (inorganic fractions and char) [2]. The key
factors affecting pyrolysis product quality are the operating
temperature, reactor types, feedstock composition, and cata-
lysts [3].

The feasibility of pyrolysis technology for the chemical
recycling of plastic waste has been verified in a large number
of previous works, which were mostly performed on ideal,
laboratory-scale reactors and focused on intrinsic degrada-
tion kinetics, product yields, reactor design, or the effect of
catalysts [4-16]. However, the pyrolysis process in a real
reactor system is accompanied by a number of complex
thermo-physical phenomena such as hydrodynamics, heat
transfer, and phase change, which interact with the pyrolysis
reaction over a wide range of length and time scales. Despite
the fact that the pyrolysis of biomass has been studied exten-
sively in the past years, the results cannot be applied to plastic
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pyrolysis, as the thermo-physical properties of biomass and
plastics differ significantly. In this case, a detailed under-
standing of the underlying thermo-fluid flow as well as its
impact on the decomposition reaction of plastic polymers
plays a vital role in up-scaling the pyrolysis process towards
industrial applications. For instance, a fluidized bed reactor
has major advantages in highly efficient, homogeneous heat
transfer with fewer side reactions, which is regarded as a
suitable reactor concept for the industrialization of the plas-
tic pyrolysis process [17-22]. As the experimental study of
the pyrolysis process is often limited by optical access due
to the harsh environment in the reactors, numerical model-
ing represents an indispensable tool for designing the plastic
pyrolysis process, as it takes the impact of real flow effects
into account, provides a detailed insight into the underlying
thermo-chemical mechanisms, and enables parameter stud-
ies at a large scale.

However, the modeling of plastic pyrolysis faces several
challenges. First, in technical pyrolysis reactors like flu-
idized beds, the pyrolysis process is dominated by complex
hydrodynamic flows, which include a large number of solid
particles with different morphologies (shapes and sizes). In
this case, modeling the underlying flow phenomena, such as
gas-solid, solid-solid, and solid-wall interactions over differ-
ent scales represents a difficult task [23, 24]. Moreover, the
operational performance of plastic pyrolysis is severely lim-
ited by the heat transfer process when using large amounts of
plastic mass. In particular, plastic melts and wets solid sur-
faces during the heating process, which can cause it to stick
to other plastic particles or heat carrier materials [25]. Even
the agglomeration of molten, sticky plastics with inert bed
materials can lead to defluidization and clogging in fluidized
bed reactors, causing serious operational problems [26]. In
addition, the thermo-chemical decomposition of plastic poly-
mers involves a large number of elementary reactions and
chemical species, which are accompanied by phase transi-
tions and chemical interactions during the pyrolysis of mixed
plastics [27-30]. Therefore, there are currently no generally
valid reaction mechanisms for the thermo-chemical degrada-
tion of plastic materials. Moreover, the mutual interactions
between hydrodynamics, heat transfer, and chemical reac-
tions prevail throughout the pyrolysis process, which occurs
over a wide range of length scales. The hydrodynamic flow or
gas residence time yields a time scale in the range of millisec-
onds to seconds, whereas the reaction time for the pyrolysis
process can be as long as more than 30 minutes, leading to a
disparity in the time scales for different processes.

According to these difficulties, modeling chemically-
reacting, multiphase, multi-scale flows represents a signif-
icant challenge today. These are the main reasons why
simulation studies considering real-flow effects on plastic
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pyrolysis can rarely be found currently. Previous simulation
works on plastic pyrolysis have focused on applying avail-
able reaction kinetic models to predict product yields under
varied operating conditions based on ideal, 0-dimensional
(OD) setups, thus neglecting the effects of flow and heat
transfer [31]. Zhang et al. [32] proposed a 0D single-particle
model, where the heating of plastic particles via convective
heat transfer has been considered. In [33], 3-dimensional
(3D) Eulerian-Eulerian simulations were performed to study
the pyrolysis process of biomass and plastic mixtures in a
fluidized bed reactor, which resolves the multiphase reactive
flow with a multi-component, multi-step reaction mechanism
for the pyrolysis reaction. More recently, the pyrolysis of
waste plastics in a rotary furnace has been studied using the
hybrid computational fluid dynamics and discrete element
model (CFD-DEM) approach by Zhang et al. [34]. Currently,
CFD-DEM represents one of the most advanced approaches
in modeling plastic pyrolysis, as it combines the fluid dynam-
ics of the gas phase with particle dynamics to simulate
the behavior of plastic particles in a pyrolysis reactor [35].
As DEM-type simulations are computationally extremely
expensive, general Lagrangian models coupled with sophis-
ticated particle-collision models, such as the multiphase
particle-in-cell (MP-PIC) approach, can be applied for sim-
ulating plastic pyrolysis in technical reactor systems [23].
However, challenges remain in accurately modeling the
melting behavior of plastics and incorporating particle non-
sphericity and polydispersity.

Inlarge-scale pyrolysis plants, the efficient heating of plas-
tic polymers and control of reactor temperature are essential
to ensure product quality. In particular, plastic materials gen-
erally have high thermal resistance, so heat transfer may
represent a limiting process compared to the pyrolysis reac-
tion. Moreover, plastic wastes are shredded before being fed
into the reactor, leading to broad distributions in the size and
shape of plastic particles. In an attempt to gain a detailed
understanding of the thermo-chemical conversion process
during plastic pyrolysis, highly resolved numerical simula-
tions have been carried out to study the effect of particle
shape and size on the pyrolysis process of a single plastic
particle. The boundary layers and the internal gradients of
the particle have been resolved on the computational grid
in order to study the detailed heat transfer process caused
by different particle shapes, as well as its mutual interplay
with the pyrolysis reaction. Another objective of this work
is to scrutinize the application range of the commonly used
Lagrangian approach in terms of applicable particle size. This
work reveals for the first time the effect of particle mor-
phology on the plastic pyrolysis process through fully 3D,
particle-resolved simulations, along with an assessment of
applicable particle size using the Lagrangian method.
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2 Modeling of multiphase reactive flow

An Eulerian-Eulerian approach has been applied to simu-
late the gas-solid flow with the pyrolysis of a single plastic
particle. In this method, two sets of balance equations in
the Eulerian framework are solved, representing the gaseous
and solid phases, which are coupled through source terms that
consider mass, heat, and momentum exchange. The gas-solid
phases are identified by means of the void fraction ¢, which
is 1 for the pure gas phase and 0 for the pure solid phase. The
shape of the particle is considered by setting the initial field
of ¢ to O for the zones where the particle is placed. As the par-
ticle is heated over time, the pyrolysis process is initiated by
the local particle temperature via an Arrhenius-type rate law.
The pyrolysis conversion leads to mass transfer from solid to
gas, which is controlled by the reaction source terms in the
mass balance equations. The void fraction increases during
the pyrolysis process due to mass transfer from solid to gas
phase, leading to the shrinkage of the particle and variation of
the local heat transfer coefficient at the deformed interface.
In the following, the balance equations solved for species
mass, total mass, energy, and momentum for both gas and
solid phases are presented.

2.1 Conservation of species mass

The species mass conservation equation of the gas phase is
given by

O (o0 00 ) 4V - (o ) ) = - (60! Derrv (1))

ot
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where (-) indicates spatially filtered values and (yf repre-
sents values from the fluid (gas) phase. The fluid velocity is
given by u; Y; denotes the mass fraction of the i-th species;
p is the fluid density and w indicates the reaction rate of the
i-th species resulting in the gas phase. The term Deg rep-
resents the effective diffusion coefficient, which takes into
account the effects of local structures in the porous media
and the grid size. The term (R;)* is the source term caused
by volatile species released from the solid particle due to
the pyrolysis reaction. Analogously, for the solid phase, the
species mass conservation equation is given by

d
— (I =&)p”(Yk)") = (1 — &)(Rk
Y (A =8)p*(Yi)’) = (1 —e)(Rp)° 2

where (-)* denotes values derived from the solid phase. The
mass fraction of the k-th solid species is Y; and Ry is the
reaction source term caused by the heterogeneous pyroly-
sis reaction. The density of the gas is calculated using the
equation of state for nitrogen as an ideal gas. High-density

polyethylene (HDPE) is used in this work as feedstock, which
has a density of pp = 950 kg/m>.

2.2 Conservation of total mass

The continuity equation for the gas phase yields
Dol V(0w = (-0 Y (R 3)
ot -

where the source term on the right-hand side (r.h.s.) takes
into account the mass released from the solid particle by the
pyrolysis reaction. Similarly, the mass balance equation for
the solid phase yields

0
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with the source term (Rg)® considering the mass loss of
solid particle due to the pyrolysis reaction. At present, there
are no detailed kinetic models available for plastic pyroly-
sis that can be applied to CFD simulations. Some lumped
kinetic models exist, where product groups have been clas-
sified according to the number of C-atoms or boiling points;
however, these are only valid under the specific conditions
used in the experiments. As the focus of the current work
is to reveal the importance of particle morphology on the
overall conversion, a one-step kinetic mechanism has been
used for modeling the pyrolysis reaction (plastic— product).
An Arrhenius-type rate law is commonly used to describe
the degradation reaction for plastic pyrolysis [31], where the
reaction rate is evaluated with

E
Ri =k p*(Y(), Ky = koexp <—#) &)
P

The pre-exponential factor ko and activation energy E,, are set
as kg = 4.22 x 1022 s~ ! and E, = 346.8 kJ/mol according
to [36] for the pyrolysis of HDPE. The reaction enthalpy
has been estimated to be 5% of the lower heating value of
HDPE [37], which is comparable with the measured heat of
reaction proposed in [38].

2.3 Conservation of energy

For the gas phase, the enthalpy conservation equation is given
by

d . ) .
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T represents the gaseous temperature and the specific heat
under constant pressure for the fluid is denoted as c; kgff
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stands for the effective thermal conductivity of the fluid. The
sum of the products of the reaction rate w; with the specific
enthalpy ho,; denotes the heat release rate due to the gas
phase reaction. The thermal conductivity and heat capacity
of nitrogen are evaluated as functions of the gas temperature.
The effective heat flux transferred from the gas to the solid
phase (gcony) is calculated with

(Geonv) = aZ({T)) —(T)*) 7

« is the convective heat transfer coefficient, which is evalu-
ated in terms of the Nusselt number Nu

o= Nu -y ®)
Le
where A is the fluid thermal conductivity and Lc¢ is the
characteristic length. Nu has been calculated using empirical
correlations which depend on geometry of the feedstock and
flow condition [39]. X in Eq. 7 is the volume-specific surface
area, which is estimated to be ﬁ, with A being the grid
resolution. §™ in Eq. 6 accounts for heat exchange through
radiation, which is neglected in this work.
For the solid phase, the equation of energy yields

d
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where ¢}, is the specific heat capacity of solid and kg
denotes the effective conductivity, which is calculated as
the mass fraction average of the heat conductivity of the
individual solid phase components. As the solid phase has
only one component in the current work, kefr corresponds
to the heat conductivity of HDPE with Ap = 0.4 W/m/K.
The heat capacity of HDPE is set to ¢, p = 2133 J/kg/K.
The anisotropy tensor K of the solid matrix accounts for the
non-isotropic effect of heat condition in the porous media
consisting of solid and gas phase. The plastic material itself
is homogeneous and yields an isotropic heat conductivity.
The heat transfer due to thermal radiation has been neglected
due to the relatively low reactor temperature (7 < 500°C).

2.4 Conservation of momentum
The solid particle is immobilized and; therefore, no momen-

tum equation is solved for the solid phase. The momentum
conservation for the gas phase is given by

0
pl ) + V- (p/ (u)(u)) = —eV(p)) + V- (uerrV(u))
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where g is the dynamic viscosity and g the gravitational
acceleration. D denotes the Darcy coefficient, which mod-
els the loss of momentum of the gas phase within the solid
phase. The Forchheimer coefficient F is similar to the Darcy
coefficient and accounts for the effects of turbulent flow. Due
to the laminar flow conditions used in the current study, this
coefficient is set to zero.

In summary, two sets of balance equations are solved for
the solid and gas phases on the same computational grid in
the current method, where the different phases are identi-
fied by means of the void fraction. The balance equations for
the gas and liquid phases are coupled through source terms
concerning mass and heat exchange. The model resolves the
boundary layers and the particle-internal gradients, so that
it is suitable for studying the effects of particle size and
shape on the heating and pyrolysis processes, as well as their
mutual interactions. In technical pyrolysis plants, however,
plastic melts before initiation of the chemical decomposition,
where pyrolysis vapors may leave the molten plastic droplets
as small bubbles. The melting of plastic represents one of the
general challenges in modeling pyrolysis of plastics. This
issue is not considered in the current work, as no sub-model
is available for the description of the complex rheological,
morphological behavior of molten plastics at this time. Fur-
ther limitations include immobilization of the solid phase and
use of a simplified one-step pyrolysis reaction. Despite these
processes are not considered, good agreements between cal-
culated and measured results have been achieved by using
0D kinetic models for the TG setup in [31, 32]. Therefore,
it is argued that the effect of melting on the overall pyrolysis
progress is subordinate for single, relatively small particles.

The solver “porousGasificationFoam” developed in the
open-source code OpenFOAM by Zuk et al. [40] has been
used for the simulations, where the proposed Eulerian-
Eulerian approach for modeling multiphase reactive flow
is implemented. The governing equations are solved using
a fully implicit scheme of second-order accuracy for the
time integration (backward) and a second order interpolation
scheme for discretizing the convective term. All diffusive
terms are discretized with a bounded scheme of second
order accuracy, as well. The pressure-implicit split-operator
(PISO) algorithm is employed for pressure correction. A
detailed description of7 the simulation method can be found
in [40].

3 Simulation setups
3.1 Operating conditions
In technical pyrolysis plant like fluidized bed or screw reac-

tors, the plastic particles are subjected to complex flow field
to enhance the rate of heat transfer. This work aims to reveal



Heat and Mass Transfer (2025) 61:12

Page50f13 12

the effect of different heating conditions on the pyrolysis
conversion of a single plastic particle by varying the particle
size and shape, which serves as a fundamental study towards
more realistic conditions. For that reason, spherical plastic
particles with different diameters of dp = 1.8, 2.7, 4 and
6 mm were used as feedstock in order to study the effect of
particle size on the pyrolysis process. In addition, particles
with a constant mass of 10 mg were simulated in spherical,
cylindrical and shell shape, in order to study the influence of
particle shape on the pyrolysis process. The cylindrical parti-
cle has an aspect ratio of unity, which is defined as the ratio of
cylinder height to its diameter. These morphological param-
eters of the particle result in modified heating conditions of
the plastic particle and different scenarios for the interplay
between heat transfer and pyrolysis reaction. Table 1 summa-
rizes the simulation conditions, along with the dimensionless
Reynolds number Re and Biot number Bi

o-d P

- L Lc/A
Re= Y L g _ Lc/te _

VG Lo — kp

(1)

Bi represents the ratio of the conductive heat resistance
within the solid body to the convective heat resistance outside
the body. For all cases, Bi is smaller than unity, indicating
that the heating process is limited by the convective heat
transfer.

In practice, municipal plastic wastes are shredded before
feeding into the pyrolysis reactor, which leads to a broad
distribution of particle size and shape for the plastic feed-
stock. As the particle-resolved simulation is computationally
expensive due to resolution of the mm-sized particle on the
grid and running the simulation for a physical time of more
than 30 min, only the most fundamental geometries along
with a few variations on particle size have been used to reveal
the importance of particle morphology for modeling plastic
pyrolysis. Considering plastic pyrolysis in technical reac-
tor system like fluidized bed, where the plastic particles are
mixed with hotenergy carriers like sand, the shell-shaped par-
ticle is designed specifically to mimic the sticking of molten
plastic around an inert solid particle like sand. For compar-
ison reason, the size and mass of the shell are set similar

Table 1 Operating parameters used for simulation of plastic pyrolysis
of a single particle in a hot nitrogen flow at a temperature of 500°C

Shape Diameter [mm] Mass [mg] Re [-] Bi [-]
Sphere 1.82 3 0.56 0.31
2.7 10 0.84 0.33
4.0 32 1.24 0.34
6.0 107 1.85 0.36
Cylinder 2.4 10 0.74 0.11
Shell 3.0 10 0.93 0.33

to those of the spherical and cylindrical particle, using an
internal and an external diameter of 2 mm and 3 mm.

3.2 Computational domain

A cylindrical computational domain is used for the simu-
lation, whose diameter and length increase with the used
particle size. The temperature at all boundaries is fixed to the
desired reactor temperature. The circumferential and upper
surfaces of the cylinder are defined as opening, where the
velocity boundary condition is set as zero-gradient. The lower
surface of the cylinder is used as inlet, where hot nitrogen gas
enters the domain. The plastic particle is placed at the cen-
ter of the cylinder, as shown in Fig. 1(a). The diameter and
length of the cylindrical domain are 5.3 mm and 15 mm for
the particles with diameters smaller than 3 mm. For the larger
particles with diameters of 4 mm and 6 mm, the diameters
of the domain have been enlarged to 10.6 mm and 21.2 mm,
along with corresponding lengths of 30 mm and 60 mm. Fig-
ure 1(b-d) depict a side view, the mesh topology on a meridian
cutting plane passing through the centerline axis and a cross-
sectional view of the computational grid. An equidistant grid
resolution of 0.35 mm has been used for all cases, which was
selected according to a grid-independent study (see Fig. 5)
and a compromise between computational effort and accu-
racy. For numerical stability reason, the time step for the
simulations have been set to 1 ms, which ensures the Courant-
Friedrichs-Lewy (CFL) number smaller than unity.

3.3 Verification of the numerical model

Simulations have first been performed for the thermogravi-
metric (TG) experiments made by Ceamanos et al. [36],
where the plastic particle is heated at a given heating rate.
This case is used to verify the overall capability of the
model for the simulation of plastic pyrolysis process. Com-
pared with the commonly used 0D models for validation of
chemical kinetic parameters, the current approach resolves
the particle-internal fields and boundary layers around the
particle for a 3D, multiphase, reactive flow. In the follow-
ing section, simulations at constant reactor temperatures or
under isothermal conditions have been conducted to study the
effects of particle size and shape on the pyrolysis process. For
modeling of the TG experiments, both the experimental data
and simulation parameters were sourced from Ceamanos et
al. [36] for the pyrolysis of HDPE samples. In the experiment,
the plastic particle is hold in a crucible, whose temperature
is measured. As the plastic particle melts, it wets on the
crucible. Therefore, temperature of the plastic sample is com-
monly assumed to be equal to temperature of the crucible.
A constant heating rate of B = 12° C/min was used at the
starting temperature of 27°C, whereas the final temperature
was Tg = 450°C and 470°C.
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Fig.1 Computational grid used for simulation of pyrolysis of a plastic particle

This time-varying temperature profile has been used for
all boundaries of the computational domain. The initial mass
of the feedstock is my = 3 mg, corresponding to a diameter
of dp = 1.82 mm of a spherical particle. The inlet gas veloc-
ity is set to 2.5 cm/s according to the volume flow rate used
in the TG experiment, which ensures a laminar flow regime.
This velocity is adopted for the subsequent studies at isother-
mal conditions. Figure 2 compares the conversion progress
obtained from the simulations and experiments, which is
defined as

nmoy—mp

x=—"2L (12)
mo

with m p and m¢ being the current and start mass of the plastic
particle. The mass of plastic particle is calculated by volume
integration of the solid volume fraction over the whole com-
putational domain, which is multiplied with the density of the
particle. In all cases, X increases from X = 0 (unpyrolized
state) to X = 1 (fully pyrolized state).

As shown in Fig. 2, the calculated and measured X agree
well with each other. The conversion process starts after
30 min, which is due to heating of the particle from the initial
temperature at 27°C to a temperature of higher than 400°C,
at which the pyrolysis reaction takes place. The deviations
between the calculated and measured X may be attributed
to the assumptions used in the simulation. For instance, the
feedstock is placed on a crucible base in the experiment,
whereas it is subjected to a hot gas flow in the simulations.
In addition, the current simulations have not considered the
melting process of the plastic and only a single-step chem-
istry has been used in this work. Despite these differences, the
simulations have reproduced the experimental results with
a reasonably good accuracy, which justifies the proposed
numerical model.

@ Springer

In the current case, the reactor temperature is heated at
a heating rate of 12°C/min, which is selected according to
the dynamic TG experiments in [36]. In technical pyrolysis
plants, plastic is fed into a pre-heated, isothermal reactor,
where the particle is heated faster. However, once the pyrol-
ysis process starts, the particle temperature increases only
slightly due to the endothermic pyrolysis reaction and the
small temperature difference between the gas/solid phases,
that drives the heating process (see also Fig. 3a). The same
behavior has been confirmed in [32], where simulations
of plastic pyrolysis applying reaction kinetic coefficients
obtained from TG experiments revealed only a slight increase
of particle temperature after onset of the pyrolysis reaction
under isothermal conditions. Therefore, the kinetic parame-

30 40 50 60
t [min]

Fig.2 Comparison of calculated and measured conversion progresses
for the operating parameters used by the TG experiment in [36]
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ters derived from TG experiments at relatively low heating
rate could be used for modeling the pyrolysis reaction .

4 Results

In this section, the pyrolysis process of single HDPE par-
ticles in a hot, isothermal nitrogen flow are simulated. A
parametric study was carried out with regard to the effects of
particle shape and size on the pyrolysis process. Furthermore,
a comparison of the particle-resolved simulation with the
commonly applied Lagrangian method has been conducted
to scrutinize the application range of the Lagrangian assump-
tions with regard to the use of ideal, homogeneous particles
for modeling plastic pyrolysis in the current single-particle
setup.

4.1 Effect of particle morphology

In the previous case using the TG experiment, the tempera-
ture of the reactor wall was prescribed by the given heating
rate. In the following, all boundaries of the cylindrical domain
have been fixed at the reactor temperature with T = 470°C.
Figure 3 shows the time evolution of particle temperature 7p
at the center of the spherical particles Fig. 3(a) and of the
conversion progress Fig. 3(b) by using different diameters,
ie., dp = 1.8, 2.7, 4 and 6 mm. The particle temperature
increased drastically to a value of above 400°C due to con-
vective heat transfer. Thereafter, it increased slowly until it
reached the reactor temperature. This can be explained by
the fact that the pyroylsis process is an endothermic reac-
tion, which counteracts the heating process. In particular, the
small temperature difference between the particle and the sur-
roundings during the conversion stage leads to a weakened
heating rate. When the reaction rate is high, the introduced
heat from the gas is balanced out by the endothermic reac-
tion, so that the particle temperature increases only slowly
after onset of the pyrolysis reaction. As the pyrolysis reaction

Fig.3 Time evolution of
particle temperature (a) and 500

approached its final stage, the reaction rate or the effect of
endothermic reaction was subordinate, at the same time, the
heat transfer was enhanced due to the decreased size of the
particle. As aresult, the heating of particle dominated the heat
loss caused by endothermic reaction, leading to an increase
of particle temperature, until it reached the gas temperature
at the end. In this way, the competing interaction between
the heat transfer and the endothermic pyrolysis reaction con-
trols the particle temperature and the pyrolysis progress. The
smaller particle was heated up faster than the larger particle
and the pyrolysis reaction took place at a higher tempera-
ture for the smaller particles, which can be detected by the
temperature profiles shown in Fig. 3.

Figure 4 shows the calculated conversion progresses from
the simulations using different particle shapes and flow direc-
tions (see Table 1), where all particles have a constant mass of
10 mg. The cylindrical particles have an aspect ratio of unity,
which are placed perpendicular and parallel to the main flow.
The pyrolysis of the shell particles was slightly slower com-
pared with the spherical particle, because the shell particle
was slightly larger than the spherical particle, leading to a
lower heating rate of the particle. In contrast, pyrolysis of
the cylindrical particles was considerably slower than that of
the spherical and shell particles, which was attributed to the
lower heat transfer coefficient for the cylindrical particles.
In addition, the cylindrical particle in cross-flow is pyrolized
faster than that in longitudinal flow, which is caused by an
enhanced heat transfer efficiency in case of fluid flow perpen-
dicular to the axis of the cylinder. In contrast, longitudinal
flow, where the fluid flow is parallel to the cylinder’s axis,
tends to have a more stable boundary layer, resulting in lower
heat transfer rate. The results reveal the importance of parti-
cle shape and flow direction on the pyrolysis process.

In order to validate the grid resolution used in this work, a
grid-independent study has been performed applying twice-
refined grids with a resolution of 0.17 mm for the dp =
2.7 mm and 4 mm spherical particles. As shown in Fig. 5,
the calculated conversion progress obtained from simulations

(b)

conversion progress (b)
calculated from

particle-resolved simulations 400
using different sizes of plastic
particle 'g‘ 300
Q.
=~ 200
100
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Fig. 4 Comparison of calculated pyrolysis progresses from particle-
resolved simulations for a HDPE particle with different shapes

using both reference and refined grids agree well with each
other, which validates the grid resolution with 0.35 mm used
in the current study.

4.2 Particle-resolved vs. Lagrangian method

Asthe particle-resolved simulation is computationally expen-
sive due to resolution of the particle-internal gradients and
boundary layers, the Eulerian-Lagrangian method is com-
monly applied for modeling multiphase, reactive flows with
a large number of solid particles. In this method, Lagrangian
particles are introduced into the computational domain,
whose trajectories are tracked over time. These Lagrangian

0.8

0.6

> 0.4

2.7 mm

=+ 2.7 mm/fine
== 4 mm

==+ 4 mm/fine

10 15 20 25 30
t [min]

0.2

0 b5

0

Fig. 5 Comparison of calculated time evolution of pyrolysis progress
by using different grid resolutions of 0.35 mm and 0.17 mm
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particles interact with the continuous gas flow, where both
phases are coupled through source terms concerning mass,
momentum and heat transfer.

In general, the Lagrangian method assumes ideal, homo-
geneous particles with constant properties within the whole
particle volume. In addition, the flow and thermal boundary
layers are not resolved due to the use of considerably larger
cell volumes than the particle size. In this way, the Lagrangian
method can be applied to systems having a large number of
particles. In order to assess the capability of the Lagrangian
method for modeling plastic pyrolysis, it has been applied to
simulate plastic pyrolysis with the same operating conditions
as used for the particle-resolved simulations.

Figure 6 shows instantaneous contours of the particle
temperature Ts and the streamswise flow velocity Uz on a
meridian cutting plane passing through the symmetry axis for
the cases with dp = 4 and 6 mm. The velocity vectors (black
arrows) indicate flow directions and magnitude of the flow
velocity. The temperature gradient within the particle can be
clearly detected for these cases. The differences between the
surface and core temperature is as large as 6 K for the 4 mm
particle and 10 K for the 6 mm particle, which are not resolved
by the Lagrangian approach. Moreover, the flow velocity in
the gas phase decreased to O at the surface of the particle
due to the non-slip condition, leading to a stagnation zone
in front of the particle and a wake region behind it with low
flow velocity. The results reveal that the velocity and ther-
mal boundary layers are not uniformly distributed along the
particle surface, or the particle is not heated up uniformly,
indicating uncertainties of the Lagrangian method.

Figure 7 compares time evolution of the particle tempera-
ture at the center of the particle (Fig. 7a) and the conversion
progress (Fig. 7b) calculated with the particle-resolved (solid
lines) and Lagrangian method (dotted lines). Generally, we
observe that the results from both particle-resolved and
Lagrangian methods exhibited similar behaviors in terms
of qualitative effect of the particle size on the heating and
conversion progress. However, the particles are heated more
slowly in the Lagrangian compared with the particle-resolved
simulations. This is attributed to the fact that the particle is
heated up in whole in the Lagrangian method due to the
assumption of homogeneity. On the contrary, the resolved
particle is heated up gradually from its surface to the core
region. For the case with dp = 1.8 mm, the particle tem-
perature calculated from both methods agree well with each
other, indicating that the Lagrangian method is applicable
for this case with small diameter. With increasing size of
the particle, the heat conduction within the particle becomes
increasingly important, leading to large deviations between
calculated particle temperatures from both methods.
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Fig.6 Contours of instantaneous particle temperature 7 and flow velocity in streamswise direction Uz for two particle sizes with diameters at 4

mm and 6 mm

The same behavior can be detected for the reaction
progress shown in Fig. 7b, where the slower heating rate in the
Lagrangian model has led to a delayed pyrolysis conversion
compared with the particle-resolved model. For the particle
with dp = 1.8 mm, the agreement between calculated con-
version progress from both methods is good. However, for the
case with dp = 6 mm, the reaction started after 10 minutes
in the Lagrangian simulation, whereas the conversion had
started much earlier in the particle-resolved simulation. This
is because a longer time is needed to reach a homogeneous
temperature for the whole particle in the Lagrangian model,
at which the pyrolysis reaction can proceed. On the contrary,
the particle is heated first at its surface in the particle-resolved
simulation, so that the onset of the pyrolysis reaction is

(a)

earlier in this case. The differences between particle tem-
perature in the core and the external surface is negligible
for small particles, which increases with the size of particle,
as depicted in Fig. 6 for the particles with dp = 4 mm and
dp = 6 mm. Therefore, the calculated conversion progresses
by using both methods differ significantly for large particles.
The results reveal that the Lagrangian method is applicable
only for particles with a size of smaller than 2 mm.

4.3 Effect of reactor temperature

The reactor temperature Tg represents one of the most
important operating parameters for plastic pyrolysis, which
influences the reaction rate and the product yield. In case of

(b)

Fig.7 Comparison of calculated particle temperature (a) and reaction progress (b) from particle-resolved (solid lines) and Lagrangian simulations

(dotted lines) for different particle sizes
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Fig.8 Effect of reactor

(b)

temperature on the particle 450
temperature (a) and the
conversion progress (b) during 400}
pyrolysis of a HDPE plastic
particle 300}
(6)
2.
o 200
100

increased reactor temperature, the heat transfer is enhanced
due to the large temperature difference between the solid and
the gas phase. In addition, the pyrolysis reaction takes place at
higher temperature, leading to a larger reaction rate. Figure 8
compares the calculated time evolution of the particle tem-
perature at the kernel (Fig. 8a) and the conversion progress
(Fig. 8b) for the spherical particle with a mass of 10 mg at dif-
ferent reactor temperature T ranging from 450°C to 490°C.
It is evident that the particle is heated and pyrolized faster at
elevated Tg. Furthermore, the pyrolysis temperature, which
was determined by the balance of gas-to-solid heat transfer
and the endothermic reaction, increased with T, which can
be identified by the quasi steady-state range of 7Tp in Fig. 8a
for t > 1 min.

4.4 Heat transfer vs. pyrolysis reaction

To assess the interplay between the heat transfer and the
pyrolysis reaction, the pyrolysis number Py is introduced,
which is defined as the ratio of the characteristic time scales
of the chemical reaction 7. to that of the convective heat
transfer 7, [41]

P Time scale of chemical reaction 7.
= Time scale of heat transfer 13
1/k, o

"~ ppeppdp/a keppep pdp

(13)

where « is the heat transfer coefficient and k, is the rate
constant provided at the given reactor temperature; pp and
cp,p are the density and the specific heat capacity of the
particle. When the chemical reaction is slower than the heat
transfer process (Py > 1 or 7. > T3,), the pyrolysis process
is limited by the pyrolysis reaction. In contrast, the whole
conversion process is limited by the heat transfer when the

@ Springer

10 20 30 40

t [min]

heating process is slower than the pyrolysis reaction, i.e.,
Py <lort. < 1.

Figure 9 depicts the calculated pyrolysis time ¢, against
Py for the cases with spherical particles, where ¢y, is defined
for the time duration from X = 1% to X = 99%. The reactor
temperature Tg was kept constant at 470°C while varying
the particle size (black line) and the particle size was kept
constant at dp = 2.7 mm (mp = 10 mg) while varying Tr
(red line). The parameters used in Eq. 13 are evaluated for the
given reactor temperatures. The heat transfer coefficient « is
calculated from the Nusselt correlation, as shown in Eq. 8§;
the rate coefficient k, is obtained from the Arrhenius-type
law shown in Eq. 5. The heat capacity of HDPE is set to
3800 J/kg/K [38], along with a density of 950 kg/m>.

As depicted in Fig. 9, Py is smaller than unity for the
most cases, indicating that the heat transfer process is slower
compared with the pyrolysis reaction (7, > t.). In this case,

40
450 °C

30t 1
el
H 20
X 2.7 mm, 470 °C

101 490 ¢ 1.8 mm

O 1
0 0.5 1 1.5

Py [-]

Fig.9 Correlation of pyrolysis time with pyrolysis number
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an enhanced heating of the particle can effectively accelerate
the pyrolysis process. The reaction time scale 7. decreased
with Tk due to increase of the reaction rate, which leads to
a decrease of Py. As the conversion time 7, decreases with
TR, tpy yields a positive correlation with Py while varying
TR, as shown in Fig. 9. Py is larger than unity or the reaction
is slower compared with the heating process for the case with
Tr = 450°C, indicating that the pyrolysis reaction represents
the limiting process for the overall conversion. Based on the
results shown in Fig. 9, the required residence time of plastic
materials can be predicted in terms of Py at given operating
conditions. The challenge in this case is to assess the heating
condition for the specific reactor systems.

5 Conclusion

Numerical simulations have been performed to study the
pyrolysis process of a high-density polyethylene (HDPE)
particle in a hot nitrogen flow, which resolve the particle-
internal gradients of temperature and concentration as well
as the boundary layers around the particle. The objective of
the work was to reveal the impact of particle shape and size
on the interplay between the heating and pyrolysis processes,
as well as to assess the applicable particle size while using
Lagrangian method for the simulation of plastic pyrolysis.
The main findings are summarized below:

e The cylindrical particle in longitudinal flow is pyrolyzed
at slowest compared to the spherical and shell-shaped
particles at the same mass and reactor temperature.

e For spherical plastic particles with a diameter of dp >
2 mm, distinct temperature gradients within the particle
can be observed, with a maximum temperature difference
of more than 10 K for the largest particle with dp = 6
mm.

e The Lagrangian and particle-resolved simulations showed
good agreement for particles with diameters smaller than
2 mm. However, the discrepancies between the two meth-
ods increase significantly with the particle size.

e The pyrolysis time exhibits a strong correlation with the
pyrolysis number, which is defined as the ratio of charac-
teristic timescale of the pyrolysis reaction to that of heat
transfer.

The results reveal the significant impact of particle mor-
phology on the competing interplay between heating and
pyrolysis processes. In addition, the Lagrangian method
cannot be applied to model pyrolysis of plastic particles
with diameters larger than 2 mm. These aspects should be
taken into account when modeling a large number of plas-
tic particles by means of the Lagrangian approach due to
the assumption of homogeneity. The correlation of pyrolysis

time vs. pyrolysis number can serve as a first-order estimate
for assessing the required residence time at given heating
conditions.
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