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A model has been developed for pyrolysis of polyethylene terephthalate (PET) in a spouted bed reactor based on the
conservation equations for heat, mass, and momentum transports. A spouted bed has been constructed and the kinetic
parameters have been obtained within the temperature range of 723–833 K, using two particle size ranges, (0.1–1.0) 3

1023 and (1.0–3.0) 3 1023 m. The model’ predictions for the radial distributions of temperature and concentration con-
firm the excellent mixing of particles. Thus, spouted beds are appropriate equipments for performing kinetic studies of
PET pyrolysis. The inlet gas temperature and the mass of PET highly affect PET conversion. The amount of inert par-
ticles has a negligible effect on the conversion and it can be reduced as far as a stable spouting is preserved. The gas
flow suffices to eliminate the external heat and mass-transfer limitations. It can be reduced to the minimum value to
decrease the energy consumption. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 1900–1911, 2015
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Introduction

Spouted bed reactors (SBRs) have been successfully
applied in the study of the waste plastics pyrolysis process.
The good behavior of this kind of reactors has been proven
in the kinetic study of pyrolysis of biomass1 and of waste
plastics.2 SBRs perform very well in the pyrolysis of large,
sticky and irregular particles with a wide size distribution.3

Pyrolysis occurs in the thin layers of melted plastic coating
inert particles, which minimizes the diffusional restrictions
and allows for reaching an isothermal regime and avoids par-
ticle agglomeration. Therefore, SBRs are appropriate alterna-
tive for performing kinetic studies of pyrolysis reactions.4 A
number of kinetic studies have been conducted in spouted
bed for pyrolysis of plastic materials.4–8 Furthermore, several
experimental studies have been carried out on characteriza-
tion of pyrolysis products,9 yields of different products,10

and the determination of suitable operating conditions11 in
SBRs. The investigations have been carried out both in
batch4,6 and continuous12–14 operations.

In addition to experimental studies, a number of mathe-
matical models have been presented in literature to investi-
gate the performance of spouted beds. The computational
fluid dynamic models deal with the hydrodynamic behavior
of spouted beds.15,16 Nevertheless, no comprehensive mathe-
matical model has been yet developed to predict profiles of
temperatures, concentrations, and velocities inside SBRs in
the case of pyrolysis process. The available models have
been developed essentially based on a number of empirical
correlations for determination of the required hydrodynamic

parameters. Generally, the models put forward deal with var-
ious processes including drying,17–20 gasification,21–23 oxida-
tion,24 and desulfurization.25–27 Nevertheless, the lack of
mathematical models for the pyrolysis process is evident in
the literature. The authors have recently presented a compre-
hensive mathematical model for the pyrolysis of various
waste plastic materials in SBRs.28 In this model, the use of a
bulk of empirical correlations for the evaluation of hydrody-
namic parameters have been avoided, as they may impose
large errors in predicting the reactor parameters.29

The pyrolysis of waste plastic materials in a spouted bed is
a complicated process involving heat, mass and momentum
transports simultaneously. In the pyrolysis of PET, a number
of benzenic compounds are typically produced which are sub-
jected to some undesired environmental impacts.30 The toxic-
ity of the products as well as the difficulty in providing the
special operational conditions required for the pyrolysis reac-
tion may limit the experimental investigations. In this condi-
tion, a comprehensive mathematical model could be a useful
tool in getting knowledge of the process.

In the present study, the previously presented model28 has
been extended and applied to the PET pyrolysis process in a
SBR. The kinetic parameters needed to solve the model have
been determined experimentally in a laboratory setup consisting
of a SBR. The reactor has been designed and used to study the
pyrolysis process of waste plastic materials. Hence, by analyz-
ing the results of the presented model, the performance of the
SBR has been evaluated under various operating conditions.

Experimental

Materials

The PET pellets were gathered from waste beverages bot-
tles shredded into small pieces. The pellets were slab-shaped
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with two size ranges, (0.1–1.0) 3 1023 and (1.0–3.0) 3

1023 m. The density of PET pellets is 1380 kg/m3.

Experimental setup

A diagrammatic scheme of the experimental setup is
shown in Figure 1. The components of the pyrolysis setup
are: (1) pyrolysis reactor, (2) solid feeder, (3) system for
feeding the inert gas, (4) furnace, (5) digital balance, (6)
flexible duct connecting the reactor to the furnace, (7) con-
trol unit, and (8) scrubber. The SBR is of conical shape
equipped with an upper cylindrical section (Figure 2). The
total height of the reactor, Ht, is 0.205 m, the height of the
conical section, Hc, is 0.020 m, and the angle of the conical
section, c, is 37�. The diameter of the cylindrical section,
Dc, is 0.040 m, and the gas inlet diameter, Di, is 0.010 mm.

A high-temperature tube furnace (Thermolyne 54500) was
used to preheat the gas entering the reactor. The gas (nitro-
gen) was heated to the reaction temperature. The nitrogen
flow was controlled by means of a mass flow meter (up to
0.001 m3/s).

The reactor was placed on a digital balance, model A&D
GX-2000, with the accuracy of 6 1 3 1025 kg, and the mass
changes during the pyrolysis of PET were recorded continu-
ously every 0.5 s. To increase the accuracy of data related to
weight of sample, any force component between the reactor
and other equipment connected to the reactor should be
minimized. The major connection is the one between the
preheater and the reactor. For this purpose, a flexible stain-
less steel tube was used (0.22 m in length, 0.008 m OD) to
connect the preheater to the reactor, where its flexibility
caused the forces to be balanced. The reactor and the flexible
duct were carefully insulated to minimize the energy loss.

The bed temperature was measured using two thermocou-
ples located within the reactor; the first close to the bed
entrance and the second at the middle of the bed inside the
mass of sand particles.

Experimental Procedure

The bed was initially consisted of 0.030 kg of sands. Sand
particles (1.19 3 102321.41 3 1023 m) were used to ensure
effective mixing of the materials inside the bed and to pre-
serve a stable spouting regime during the pyrolysis reaction.
A nitrogen flow stream with 1.2 times of the minimum

spouting velocity was used to prevent defluidization phenom-
enon and ensure a good mixing in the bed. When the sand
temperature inside the bed was stable and uniform, a mass
of 0.001 kg PET was introduced to the reactor as a pulse.
Since this time, the weight changes were monitored continu-
ously. Experiments without any PET particles were carried
out to examine the buoyancy effect. Preliminary tests under
both cold and hot runs conditions revealed a good perform-
ance of the system during weight data collection. The pyrol-
ysis volatile products left the reactor via a thermostated pipe
and were allowed to vent to the atmosphere after passing a
scrubber.

Experiments were carried out under isothermal conditions
at temperatures 723, 743, 783, and 833 K. Each experimental
value was repeated three times to ensure reproducibility of
the bed data.

At the end of each run, a small amount of coke remained
within the reactor. The coke coated uniformly around the
sand particles and its mass was calculated by weighting the
total amount of sand particles before and after the reaction.
In general, the mass of coke produced was negligible in

Figure 1. Schematic diagram of the pyrolysis bench
scale plant.

Figure 2. Schematic diagram of the SBR.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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comparison with the initial mass of PET used (lower than
6%).

Kinetic Model

The kinetic scheme adopted was a simple reaction model:
PET ! Volatile products
The kinetic results have been correlated with the following

first-order reaction scheme:

dX

dt
5kð12XÞ (1)

where, X is conversion of PET defined as,

X5
W02W

W02W1
(2)

where, W0, W, and W1 are the initial weight of sample, and
the weight of that at time t during the pyrolysis and the
weight at the end of the reaction, respectively.

In Eq. 1, k is expressed by the Arrhenius equation, as
follows:

k5k0 exp ð2 E

RT
Þ (3)

The values of activation energy and frequency factor has
been obtained and presented in Table 4.

Mathematical Model

Model description

The spouted bed is modeled based on the concept of
streamtube approach of Lim and Mathur.31 The prediction
accuracy of this model has been satisfactorily tested previ-
ously.18 Three major zones have been considered in the reac-
tor and the governing equations of heat, mass, and
momentum transfers have been derived for each zone. The
model’s characteristics are explained as follows:

Materials

� The solid phase consisted of the inert sand particles and
the unreacted waste PET
� The initial plastic materials were distributed uniformly

over the sand particles throughout the bed

Heat transfer

� A heterogeneous approach (different gas and solid tem-
perature fields) is adopted. The energy is exchanged between
both phases by gas-particle heat transfer. The heat of pyroly-
sis reaction is assigned to the particles.
� The reactor is thermally insulated from the surrounding.

Hydrodynamic

� The diameter of the spout is unchanged and equal to
the inlet diameter of bed.

� The fountain core is an extension of the spout zone,
having the same radius.
� The foundation premium is considered as a mixed-flow

media without any pyrolysis reaction.
� In the annulus, each streamtube is divided into two sec-

tions: a part of which exchanges heat, mass and momentum
with the spout zone and the second has no contribution to
such exchanges (Figure 4). The governing equations of

mass, heat, and momentum transports are developed in two
forms accordingly.

Chemical reaction

� The rate of PET pyrolysis reaction has been deter-
mined, using Eq. 1.
� The fluid-particle mass transfer and the diffusional

resistances are neglected.

Model Formulization

Figure 2 shows three main regions considered in the
spouted bed, i.e., the spout, the annulus, and the fountain
regions. The system is composed of a gas–solid mixture,
with variable compositions and temperature of both phases.
To develop the mathematical model, the mass fraction of
PET in the solid phase was defined as PET free basis,
according to the following relation,

x5
_wp

_wsand

(4)

where _wp is mass flow rate of unreacted waste plastic and
_wsand is that of the inert sand particles.

The mass fraction of PET materials, x, could be related to
the conversion of the latter, X, by the following relation:

12X5
Wsand

W0

x (5)

where W0 and Wsand are the mass of PET material and inert
sand particles, respectively (the mass of coke was neglected).

In the gas phase, the mass fraction of volatile products is
defined as:

y5
_mg;i

_mg;t
(6)

where _mg;i and _mg;tare mass flow rate of volatile gas product
and the total mass flow rate of gas including that of the inert
spouting gas (nitrogen), respectively.

Spout zone

In the spout zone, the gas and particles flow co–currently
from bottom to the top, while the particles enter the spout
from the annulus zone. Pyrolysis gas along with the carrier
gas flow upward, pass the spout and enters the annulus
region. Figure 3 shows a control volume of the spout region
selected to develop the model.

The conservation equations developed for the gas and par-
ticle phases in the spout zone are summarized in Table 1. In
these equations, RA is the rate of pyrolysis reaction which
could be substituted by the empirical rate expression
deduced in the present study (see the Results and Discus-
sions section).

Furthermore, the solid phase density, qp, is expressed as
the density of inert sand particles coated with molten PET,
being a combination of the sand and PET densities according
to the following expression:

qp5
qsandqt

qt1xqsand

ð11xÞ (7)

Annulus zone

The annulus zone is modeled based on the concept of
streamtube approach of Lim and Mathur.31 In this model, the
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annulus is considered to consist of a series of plug–flow
stream tubes (Figure 4). Each streamline exchanges energy
and momentum with the other streamlines at its neighbor-
hood. The locus of streamlines is predicted as a model’s
parameter by solving the rest of model’s equations.28

Although the numerical calculations become rather compli-
cated, however, no auxiliary empirical equation is needed to
predict the locus of streamlines. This may be regarded as an
advantage of the present model. The conservation equations
developed for the gas and particle phases in the annulus
zone are summarized in Table 2.

In the presented equations for the annulus zone, Eq and Fq

represent the conductive heat transfer of phase q (g for gas,
and p for solid) between streamline k and the neighboring
stream tubes located at the two sides around the former. The
terms Eq and Fq could be determined from the following
relations:

Eq5
2prk

rk212rk
Kq;k Tqa;k212Tqa;k

� �
(8)

Fq5
2prk

rk2rk11

Kq;k11 Tqa;k112Tqa;k

� �
(9)

where, subscript k represents an arbitrary streamtube located
between adjacent streamtube k 1 1 on its left and streamtube
k 2 1 on its right side.

In the present model, the momentum transfer occurs by
friction between adjacent streamlines. In the equations pre-
sented in Table 2, Rq and Lq refer to the momentum stress
terms between the adjacent streamlines on the right and left
of streamtube k, respectively (q 5 p, g):

Rq52pðsq;rrÞjrk
(10)

Lq522pðsq;rrÞjrk11
(11)

where sq,z and sq,r are the normal stress and shear stress in
phase q, respectively, expressed as follows:

sq;r52
4

3
lq1kq

� �
dvq

dz
(12)

sq;r52lq

dvq

dr
(13)

Here, mq and kq are the shear and bulk viscosity of phase
q, respectively, while for the gas phase kq 5 0. These param-
eters are calculated from the kinetic-frictional stress model
for the solid phase.

As the proposed model is one-dimensional in z direction,
Eq. 13 is simply reduced to the following relation:28

sq;r52lq

vq;ak2vq;ak11

rk2rk11

� �
(14)

Fountain core

The fountain is assumed to consist of two parts: fountain
core and fountain periphery. In the fountain core, air and
particles move upward cocurrently. The particles, on leaving
this zone, drop down to the annulus region. It is assumed
that air simply flows out of the bed. Table 3 summarizes the
conservation equations developed for the gas and particle
phases in the fountain core.

Fountain periphery

The fountain periphery is considered to be an ideal mixed-
flow region. The mass, heat, and momentum conservation
laws are applied around the entire volume of this zone.
Therefore, the following equations are derived by which, the
mean value of solid mass fraction (�xa), mean value of solid
temperature ( �Tpa), and mean value of solid velocity (�va)
could be determined, respectively:

�xa5

Xz5Hf

z5H
rf qpf V

0
rxf =ð11xf ÞXz5Hf

z5H
rf qpf V

0
r=ð11xf Þ

(15)

�Tpa5

Xz5Hf

z5Hb
rf qpf V

0
rcpðTpf 2T0ÞXz5Hf

z5H
rf qpf V

0
r

1T0 (16)

Figure 3. Selected element for spout region.

Figure 4. A control volume selected showing the solid
and gas flow directions in the annulus.
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�va5

Xz5Hf

z5H
2prf qpf V

0
rDz

Abqað12eaÞ
(17)

Auxiliary Equations

Hydrodynamic parameters

The annulus voidage is taken to be constant and equal to
the minimum fluidization void fraction (ea 5 emf).

32 In the lit-
erature, the minimum fluidization void fraction has been
given within the range of 0.42–0.45.21,24,26

Furthermore, the fluid–particle interaction has been taken
from the model of Gidaspow,33 being a combination of Wen

and Yu model (bWen-Yu)34 in corporating Ergun relation
(bErgun):35

bErgum5150
ð12eÞ2lg

eðdpÞ2
11:75

qgð12eÞju2vj
dp

(18)

bWen2Yu5
3

4
CD

qgð12eÞju2vj
dp

e22:65 (19)

Thus, the exchange coefficient (b) is expressed as:

b5ð12uÞbEegun1ubWen2Yu (20)

Table 1. Conservation Equations for the Spout Zone in the SBR

Items considered Equation

Mass transfer equations
Gas dys;i

dt
52us

dys;i

dz
1

RAW0ð12es0Þ
qgsVsandes

ð12yAÞ

Particles dxs

dt
52vs

dxs

dz
1

2Vrqpa;k

rsqpsð12esÞ
11xs

11xa;k

� �
ðxa;k2xsÞ2

RAW0ð12es0Þ
qpsVsandð12esÞ

ð11xsÞ

Heat transfer equations
Gas dTgs

dt
52us

dTgs

dz
2

6hð12esÞ
esdpqgcg

ðTgs2TpsÞ2
RAW0ð12es0Þ

qgVsandes
ðTgs2T0Þ

Particles dTps

dt
52vs

dTps

dz
1

2Vr

rsð12esÞ
ðTpa;k2TpsÞ1

6h

dpqpscp
ðTgs2TpsÞ

1
RAW0ð12es0Þ

qpscpVsandð12esÞ
½2DHr1cpðTps2T0Þ�

Momentum transfer equations
Gas dus

dt
52us

dus

dz
2

bs

esqgs

ðus2vsÞ2
1

qgs

dp

dz
2

RAW0ð12es0Þ
qgsVsandes

us

Particles dvs

dt
52vs

dvs

dz
2g 12

qgs

qps

 !
1

bs

ð12esÞqps

ðus2vsÞ2
1

qps

dp

dz
1

RAW0ð12es0Þ
qpsVsandð12esÞ

vs

Table 2. Conservation Equations for the Annulus Zone in the SBR

Items considered Equation

Mass transfer equations
Gas dyak;i

dt
52uak

dyak;i

dz
1

2prsUr

Aakea
aðys2yak;iÞ1

RAW0ð12eaÞ
qga;kVsandea

ð12yAÞ

Particles dxa;k

dt
5vak

dxa;k

dz
2

RAW0

qpa;kVsand

ð11xa;kÞ

Heat transfer equations
Gas dTga;k

dt
52uak

dTga;k

dz
1

2prsUra
Aakea

ðTgs2Tga;kÞ2
6hð12eaÞ
eadpqga;kcg

ðTga;k2Tpa;kÞ

2
RAW0ð12ea0Þ
qga;kVsandea

ðTga;k2T0Þ1
Eg1Fg

qga;kcgAakea

Particles dTpa;k

dt
5vak

dTpa;k

dz
1

6h

dpqpa;kcp
ðTga;k2Tpa;kÞ1

RAW0

qpa;kcpVsand

½2DHr1cpðTpa;k2T0Þ�

1
Ep1Fp

qpa;kcpAakð12eaÞ
Momentum transfer equations

Gas duak

dt
52uak

duak

dz
2

bak

eaqga;k

ðuak1vakÞ2
1

qga;k

dp

dz
2

RAW0ð12eaÞ
qga;kVsandea

uak1
Rg1Lg

qga;kAakea

Particles dva;k

dt
52va;k

dxa;k

dz
2gð12qga;k=qpa;kÞ1

bak

ð12eaÞqpa;k

ðua;k1va;kÞ2
1

qpa;k

dp

dz
1

RAW0

qpsVsand

va;k

2
1

ð12eaÞqpa;kAa;k

dðszzAa;kÞ
dz

1
Rp1Lp

qpa;kAakð12eaÞ
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The drag coefficient (CD) is determined by the following
equation:36

CD5

24

Re p
½110:15ðRe pÞ0:687� ðRe p < 1000Þ

0:44 ðRe p > 1000Þ

8><
>: (21)

where u in Eq. 20 is defined as follows,

u5
arctan ½15031:75ð0:22ð12eÞÞ�

p
10:5 (22)

Heat-transfer parameters

� The heat of endothermic pyrolysis reaction of PET is
DHr 5 214350 J/kg37

� Gas–particle heat exchange in the spout and fountain38

hdp

kg
5

2

12ð12eÞ1=3
1

0:61

e
Pr 1=3Re 0:55 (23)

� Gas–particle heat exchange in the annulus:39

h50:255
kg

eadp
Pr 1=3Re 2=3 (24)

� Conductive heat transfer coefficient between two adja-
cent streamlines:40

K5
k�qð12eÞ1=3

0:73869dp
(25)

where k�q is the effective thermal conductivity that may be
calculated from. 41

Table 3. Conservation Equations for the Fountain Core Zone in the SBR

Items considered Equation

Mass transfer equations
Gas dyf

dt
52uf

dyf

dz
1

RAW0ð12ef 0Þ
qgf Vsandef

ð12yAÞ

Particles dxf

dt
52vf

dxf

dz
2

RAW0ð12ef 0Þ
qpf Vsandð12ef Þ

ð11xf Þ

Heat transfer equations
Gas dTgf

dt
52uf

dTgs

dz
2

6hð12esÞ
ef dpqgf cg

ðTgf 2Taf Þ1
RAW0ð12ef Þ
qgf ef Vsand

ðTpf 2T0Þ

Particles dTpf

dt
52vf

dTpf

dz
1

6h

dpqpf cp
ðTgf 2Tpf Þ1

RAW0

qgf ef Vsand

½2DHr1cpðTpf 2T0Þ�

Momentum transfer equations
Gas duf

dt
52uf

duf

dz
2

bf

ef qgf

ðuf 2vf Þ2
RAW0ð12ef 0Þ

qgf Vsandef
uf

Particles dvf

dt
52vf

dvf

dz
2gð12

qgf

qpf

Þ1
bf

ð12ef Þqpf

ðuf 2vf Þ1
RAW0ð12ef 0Þ
qpf Vsandð12ef Þ

vf

Figure 5. Evaluation of conversion of PET with time in the spouted bed for two particle size: (a) (0.1–1.0) 3 1023 m,
(b) (1.0–3.0) 3 1023 m.

Solid lines: spouted bed model results for the average values, Broken lines: best fit for the kinetic data with a first-order reaction

model, Points: experimental data.
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Boundary Conditions

� At the bottom of the bed, the gas is being injected into
the reactor in the axial direction with velocity of Uin and
temperature Tgin.
� The pressure is set at atmospheric pressure on the top

of the freeboard.
� The particles entering the streamtube at the top of the

annulus region have a uniform mass fraction of �xa, uniform
temperature of �Tpa, and uniform velocity of �va, calculated
from Eqs. 15, 16, and 17, respectively.
� Along the first streamtube located adjacent to the

spouted bed wall, the particles’ velocity at the wall (va0) and
the gas velocity at the wall (ua0) are both assumed to be
zero (no slip boundary conditions). For this streamtube,
Eq 5 0 in Eq. 8, as the reactor walls are thermally insulated
from the surrounding.

Results and Discussions

Kinetics of PET pyrolysis

The kinetic results determined in the temperature range of
723–833 K and for two particle size ranges, that is, (0.1–1.0)
3 1023 and (1.0–3.0) 3 1023 m, have been correlated with
a first-order reaction rate model. The results for the best fit
are shown by the broken lines in Figure 5. In addition, the

Table 4. Kinetic Parameters Obtained for Pyrolysis of PET

Particle size (m) E (J/mol) k0 (s21)

(0.1–1.0) 3 1023 276,800 5.90 3 1016

(1.0–3.0) 3 1023 264,300 5.53 3 1015

Table 5. Operating Conditions Used (Base Values)

Parameter Value

Static bed height (m) 0.037
Diameter of sand particles (m) (1.19–1.41) 3 1023

Size of plastic particles (m) (0.1–1.0) 3 1023,
(1.0–3.0) 3 1023

Bed temperature (K) 723–833
Inlet gas temperature (K) 723–833
Gas flow rate 1.2 times of the minimum

spouting value
Mass of sand particles (kg) 0.030
Mass of PET material (kg) 0.001
Density of PET material (kg/m3) 1380
Specific heat of PET (J/kg�C) 1440

Figure 6. Profiles in the bed at Tgin 5 833 K and 0.001< dp <0.003 m.

(a) Temperature change of the bed with time at z 5 0.01 m in the spout (b) variation of gas and particle temperature along the

spout length at t 5 30 s, (c) profiles of gas temperature in the annulus at t 530 s.
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values for activation energy and frequency factor are pre-
sented in Table 4.

Various profiles within the reactor

In this section, profiles of the reactor have been obtained
and evaluated at various operating conditions. A set of oper-
ating conditions have been considered as the base values,
according to Table 5. These values correspond to those
applied in the laboratory experiments.

Figure 5 shows the values predicted by the model for the
average conversion of PET within the bed at different tem-
peratures (the solid lines). The experimental data for the
PET conversion are shown in Figure 5 by the symbols. Two
panels of this figure correspond to the two particle size
ranges studied, namely (0.1–1.0) 3 1023 and (1.0–3.0) 3

1023 m Furthermore, in Figure 5, the results of the best fit
for the experimental data with the kinetic parameters are
shown by the broken lines. As it is observed, the model pre-
sented for the spouted bed performance provides reasonably
good predictions for the PET conversion. A comparison

between the results of Figures 5a, b indicates that, in the
present conditions, the particle size has no remarkable effect
on the conversion of PET. Generally, the heat transfer coeffi-
cient of particles, h, in SBRs is large due to the excellent
mixing of the particles and the high gas flow rate.42 In such
a situation, the heat and mass-transfer limitations may be
neglected and the pyrolysis reaction rate may be limited by
the chemical reaction. Therefore, as it is seen in Figure 5,
the particle size does not affect the reaction rate
significantly.

The particle size greater than 0.001 m makes the process
more feasible due to the lower energy requirements for cryo-
genic milling. Thus, for industrial applications of a continu-
ous process, the results corresponding to the larger particle
sizes (between 0.001 and 0.003 m) are more suitable. Figure
6 shows the various profiles in the reactor predicted by the
model where the inlet gas temperature was Tgin 5 833 K and
the particle sizes are in the range of 0.001–0.003 m. Figure
6a illustrates the change in the gas and particle temperatures
over time at a certain position in the spout (z 5 0.01 m).

Figure 7. Profiles in the bed at Tgin 5 723 K and 0.001< dp <0.003 m.

(a) Temperature change of the bed with time at z 5 0.01 m in the spout, (b) variation of gas and particle temperature along the

spout length at t 5 480 s, and (c) profiles of gas temperature in the annulus at t 5 480 s.
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This is where the bed temperature has been measured experi-
mentally, so, a comparison could be made between the mod-
el’s results and the experimental data. A rapid temperature
drop has been observed at the beginning of the process due
to the endothermic nature of pyrolysis reaction. The tempera-
ture drop is recovered over time by the hot flowing gas
entering the reactor making the bed to tend to the isothermal
conditions. The model predicts the temperature change rea-
sonably well. Figure 6b shows the gas and solid temperature
profiles along the spout length at time t 530 s from begin-
ning of the process. The particles temperature decreases
slightly along the spout because heat is absorbed from the
gas. The gas and particle temperatures become almost equal
at the top of the bed.

Figure 6c shows the profile of gas temperature at various
positions in the annular zone at t 5 30 s. The profile for the
solid temperature was equal to that of the gas (not plotted).
The gas temperature drops from the inlet value (833 K)
along a short distance from the entrance. Then, the tempera-
ture is increased slightly due to contacting with the hot cir-
culating particles at the upper sections of the bed.

Figure 7 shows various profiles of the reactor predicted by
the model where Tgin 5 723 K: (a) the change in the gas and
particle temperatures over time at a certain position in the
spout (z 5 0.01 m), (b) the gas and solid temperature profiles
along the spout length at time t 5 480 s, and (c) the profile
of gas temperature at various positions in the annular zone at
t 5 480 s. In Figure 7a, the model predictions for the trend
of temperature change of gas and particles inside the bed are

Figure 8. Effect of gas flow rate on variations of (a) mean PET conversion with time, and (b) bed temperature
change with time at z 5 0.01 m.

Lines: Model results, Points: Experimental data (Tgin 5 833 K, 0.001< dp <0.003 m, W0 5 0.001 kg).

Figure 9. Effect of initial mass of PET on variations of (a) PET conversion, and (b) bed temperature change with
time at z 5 0.01 m.

Lines: Model results, Points: Experimental data (Tgin 5 833 K, 0.001< dp <0.003 m, u 5 1.2 ums).
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similar to that observed in the case of inlet gas temperature
of 833 K. However, the temperature drop is less than that of
the previous case (see Figure 6). This is because the reaction
rate is smaller at a lower bed temperature. The model predic-
tions have been compared with the measured values. As
could be seen, a satisfactory agreement has been observed
with an average error of 0.08%. The maximum error is
0.16%. According to Figure 7c, the temperature gradient in
the annulus region is negligible.

The Effects of Operating Conditions on Pyrolysis
Conversion

Effect of gas flow rate

The effect of gas flow has been studied and shown in Fig-
ure 8. Figure 8a shows that by increasing the gas flow rate
from the base value of 1.2 times of the minimum spouting
value, the conversion of PET does not change appreciably.
In the present model, the effect of external heat and mass-
transfer resistances on the conversion of the pyrolysable
materials has not been considered as the process is controlled
by the chemical reaction. Therefore, the gas flow rate may
only affect the temperature of the bed. This is demonstrated
in Figure 8b. Referring to this figure, it may be observed
that the rapid temperature drop due to endothermic nature of
pyrolysis reaction is almost similar in all three case studied.
When the gas flow rate is high, the temperature drop is
recovered more rapidly by the hot flowing gas. However,
such a fast temperature recovering does not influence the
rate of reaction as the reaction has been almost completed.
In Figure 8, the values predicted by model are compared
with the measured values. A satisfactory agreement has been
achieved with a maximum 0.5% error.

Effect of initial mass of PET

The mass of inert sand particles in the reactor in all exper-
imental runs in this section was 0.030 kg. Here, the effect of
the initial mass fraction of PET in the reactor has been
investigated (Figure 9). Figure 9a shows that the conversion
of PET in the spouted bed changes significantly by the

change in the mass of PET initially fed to the reactor. This
is due to requirement of higher energy for the pyrolysis of
higher mass of PET, which causes a rapid temperature drop
within the bed. This is shown in Figure 9(b). Such a fact has
been considered carefully when determining the kinetic
parameters in the SBR. Furthermore, measured values for
bed conversion and bed temperature at z 5 0.01 m are shown
in Figures 9a and b, respectively. The data have been
obtained for W0 5 5 3 1024 and 0.001 kg. For larger masses
of PET (W0 5 0.002 kg), some defluidization problems have
been observed under the present operating conditions. There-
fore, the experimental data could not be obtained for
W0 5 0.002 kg. As could be seen in Figure 9, a reasonably
good agreement has been achieved between the model
results and the experimental data. The maximum error is
0.2%.

Effect of inert sand mass

The initial mass fraction of PET material was kept
unchanged at 0.001 kg while the mass of inert sand particles
in the reactor was varied. In Figure 10a, the variation of
PET conversion, and in Figure 10b, the variation of bed tem-
perature with time are plotted. Different masses of sand
(0.030, 0.040, and 0.050 kg) were applied. In all cases, the
gas flow rate was adjusted at 1.2 times of the minimum
spouting value. The gas flow rate was changed according to
the increasing mass of sands particles. The results revealed
that conversion of PET changes slightly with different mass
of sand particles. By increasing the mass of inert particles
from 0.030 to 0.050 kg, the static bed height was also
increased. However, the circulation rate of the particles
throughout the bed may not have been changed appreciably,
as the gas flow rate was enhanced to higher values at the
same time. The only difference is the required heat of pyrol-
ysis reaction which was supplied by a larger mass of par-
ticles. As the result, the temperature change of the particles
bed is lower. From Figure 10b, it is evident that in the pres-
ence of larger mass of sands particles, the temperature
change of the bed is rather low. This may lead to a higher
isothermicity of the bed and a better spouted-bed

Figure 10. Effect of initial mass of sand particles on variations of (a) PET conversion and (b) bed temperature
change with time at z 5 0.01 m.

Lines: Model results, Points: Experimental data (Tgin 5 833 K, 0.001< dp <0.003 m, u 5 1.2 ums, W0 5 0.001 kg).
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performance. Nevertheless, the improvement of PET conver-
sion is rather negligible (Figure 10a). This is also important
to note that larger amounts of inert particles require higher
energy to be supplied from the gas flow to preserve a stable
spouting operation. Such a fact has to be considered in
design of SBRs.

Conclusion

A kinetic study has been performed for pyrolysis of PET
in a bench-scale SBR. The weight change of PET sample
has been monitored continuously during the pyrolysis reac-
tion as a novel technique and a first-order kinetic rate model
has been established. A mathematical model based on the
mass, heat, and momentum conservation equations, has been
developed for pyrolysis of PET in spouted-bed reactors
under unsteady-state conditions. The results predicted from
the model have been compared with the experimental data
obtained for PET conversion, and bed temperature in the
SBR. A satisfactory good agreement has been observed.

According to the model’s results obtained, spouted beds are
suitable equipment for performing kinetic studies, as the excel-
lent mixing and high circulation rates of the materials being
occurred which temper the temperature gradient inside the
reactor. This advantage minimizes the limitations of the exter-
nal heat and mass-transfer resistances. Increasing the gas flow
rate up to a minimum value required to preserve the spouting
conditions, has no appreciable effect on the rate of reaction.
Conversion of PET in SBR declined significantly by increasing
the mass of PET initially fed to the reactor. This is due to a
large and rapid temperature drop of the bed as the result of
endothermic pyrolysis reaction. PET conversion is slightly
improved by increasing the mass of inert sand particles in the
bed. However, the amount of inert particles used can be
reduced as far as a stable spouting condition is preserved.

Notation

Aak, Af, As = cross-sectional area of streamtube k in annulus, of fountain
core, and of spout, respectively (m2)

CD = drag coefficient
cg,cp = specific heat of gas and solid, respectively (J/kg.K)

Db, Do, Di = upper diameter of the stagnant bed, of the bed bottom,
and of the bed inlet, respectively (m)

dp = particle diameter (m)
ds = diameter of spout (m)

E = activation energy (J/mol)
E, F = conductive heat transfer between adjacent streamlines

given by Eqs. 8 and 9, respectively (W/m)
g = gravitational constant (m/s2)

H, Hf = height of the stagnant bed, and of fountain, respectively
(m)

h = gas-solid convective heat transfer coefficient (W/m2.K)
kmax = total number of streamtubes considered in the model

L = fictional stress between adjacent streamlines given by Eq.
11 (N/m)

_mg;i = mass flow rate of individual gas product i (kg/s)
_mg;t = total mass flow rate of gas (kg/s)
Pr = Prandtl number (-)
p = pressure (Pa)
R = fictional stress between adjacent streamlines given by Eq.

10 (N/m)
RA = rate of pyrolysis reaction (kg/kg.s)

Rep = particle Reynolds number in Eq. 21,
Rep5ju2vjqgdpe=lgð2Þ

r = radial coordinate (m)
rf,rs, rk = radius of fountain core, and of spout, and of streamtube k

(m)
Tg, Tp = gas and solid temperature, respectively (K)

�T pa = average solid temperature at the top of bed (K)
T0 = reference temperature (K)

t = time (s)
Ur = radial gas velocity at the spout-annulus interface (m/s)

U’r = radial gas velocity at the interphase between fountain core
and fountain periphery (m/s)

u = interstitial gas velocity (m/s)
Vr = radial particle velocity at the spout-annulus interface (m/s)

V’r = radial particle velocity at the interphase between fountain
core and fountain periphery (m/s)

Vsand = volume of entire sand particles (m3)
v, �va = interstitial solid velocity, and average value at the top of

bed (m/s)
W0 = initial mass of waste plastic (kg)

Wsand = mass of entire sand particles (kg)
_wp; _wsand = mass flow rate of unreacted waste plastic, and inert sand

particles, respectively (kg/s)
X = conversion degree of plastic material (kg/kg)

x, �xa = mass fraction of waste plastic in plastic free basis, and
average value at the top of bed (kg/kg of sand)

y = mass fraction of gas (kg/kg)
z = vertical coordinate (m)

Greek letters

b = fluid-particle interaction coefficient
e = void fraction of bed (-)

e0 = initial void fraction of bed (-)
emf = void fraction of bed at minimum fluidization condition (-)

c = cone angle (�)
K = conductive heat transfer coefficient between adjacent stream-

lines (W/m.K)
kp = solid bulk viscosity (Pa.s)
lq = bulk viscosity of phase q (Pa.s)

sq,z, sq,r = normal stress and shear stress of phase q (N/m2)
DHr = heat of pyrolysis reaction (J/kg)

Subscripts

a = annulus
f = fountain core

mf = minimum fluidization conditions
p = particles
s = spout

sand = sand particles
t = PET materials
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