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a  b  s  t  r  a  c  t

A  mathematical  model  has been  developed  for unsteady-state  operation  of  waste  plastic  pyrolysis  in
spouted  bed  reactors.  Such  a model  is not  yet  available  in  the  literature.  This  model  predicts  radial
distributions  of solid  conversion,  yields  of  individual  gas  products,  solid  and  gas  temperatures  and  veloc-
ity profiles  inside  the bed.  To  prevent  application  of  a bulk  of  empirical  equations  for  determining  the
hydrodynamic  parameters,  the  momentum  balance  equations  have  been  included  in the  model.  The
results  predicted  from  the model  have  been  compared  with  those  determined  experimentally  by  other
researchers  for  pyrolysis  of polystyrene  in a spouted  bed.  A satisfactory  agreement  has  been  observed
with  a mean  relative  deviation  of 0.8%.  The  model  predictions  for a scaled-up  spouted  bed  demonstrates
that  due  to the  existence  of an  excellent  gas–solid  contact  in spouted  beds  the  limitations  imposed  by
heat  and  mass  transfer  are  minimized.  In addition,  the  bed  is maintained  under  isothermal  condition.
The  inlet  gas  temperature  highly  affects  the  model’s  results  in comparison  with  mass  of  initial  plastic.
The  amount  of  inert  particles  used  can  be  reduced  as less  as  a stable  spouting  is preserved.  A critical
value  exists  for  power  intensity  of heating  elements  to keep  the  isothermal  conditions  of  spouted  bed
that should  be carefully  considered  in  design  purposes.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Spouted bed reactors (SBR) are being used as an appropriate
alternative for pyrolysis of waste plastics [1–6]. So far, many exper-
imental investigations have been carried out on characterization of
pyrolysis products and the determination of kinetics and hydrody-
namics parameters in SBRs. Although some authors have presented
certain models for various processes implemented in spouted beds
including drying [7–10], gasification [11,12], oxidation [13], and
desulfurization [14,15], nevertheless, literature reviews show a lack
of mathematical models for pyrolysis operation.

Tao et al. [16] presented a steady state one-dimensional model
for flue gas desulfurization with multi-level humidification in a
underfeed circulating spouted bed. Mendes et al. [17] have studied
the process of coal gasification in a SBR operating at high temper-
ature applying a one-dimensional model in which the mass and
energy balances and the chemical reaction have been included.
The gasification process in SBR was also considered by Lim et al.
[11] and a mathematical formulation was presented based on
the streamtube hydrodynamic model of Mathur and Lim [18]. A
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mathematical model was  presented by Madhiyanon et al. [7] for
a continuous spouted bed dryer. The model is capable of pre-
dicting moisture content, air and grain temperatures and energy
consumption in the dryer. Niksiar et al. [8] presented a general
model for analyzing heat and mass transfers in a drying process
occurring in SBR. In this model the annulus zone in spouted bed
was assumed to be a series of streamtubes according to the hydro-
dynamic model of Mathur and Lim [18]. The available models have
been developed essentially based on a number of empirical correla-
tions for determination of the required hydrodynamic parameters.
Recently, a number of correlations for evaluation of spouted bed’s
hydrodynamic parameters have been presented from a compre-
hensive analysis [19]. However, it has been revealed that certain
correlations impose large errors in determination of design param-
eters.

A number of computational fluid dynamic (CFD) models have
been presented so far to study the hydrodynamic behavior of
spouted beds [20,21]. Nevertheless, no comprehensive mathe-
matical model has been yet developed to predict profiles of
temperatures, concentrations, and velocities inside SBRs.

The models presented so far for several phenomena occurring
in spouted beds are typically derived for steady-state conditions.
However, the assumption of steady-state conditions may  not be
valid for a number of applications of spouted beds. Batch pyrolysis
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Nomenclature

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 stream-

lines given by Eqs. (21) and (22), respectively (W/m)
g gravitational constant (m/s2)
H, Hf height of the stagnant bed, and of fountain, respec-

tively (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. (26) (N/m)
Lk lower bound of streamtube k at the spout-annulus

interphase
ṁg,i mass flow rate of individual gas product i (kg/s)
ṁg,t total mass flow rate of gas (kg/s)
Pr Prandtl number (–)
p pressure (Pa)
R fictional stress between adjacent streamlines given

by Eq. (25) (N/m)
RA rate of pyrolysis reaction (kg/kg s)
Ri rate of formation of an individual gas product i

(kg/kg s)
Rep particle Reynolds number (–)
r radial coordinate (m)
rf,rs, rk radius of fountain core, and of spout, and of stream-

tube k (m)
Q thermal intensity of heating elements wrapped

around the bed wall (W/m2)
Tg, Tp gas and solid temperature, respectively (K)
T̄pa average solid temperature at the top of bed (K)
T0 reference temperature (K)
t time (s)
Uk upper bound of streamtube k at the spout-annulus

interphase
Ur radial gas velocity at the spout-annulus interface

(m/s)
U’r radial gas velocity at the interphase between foun-

tain core and fountain periphery (m/s)
u interstitial gas velocity (m/s)
Vr radial particle velocity at the spout-annulus inter-

face (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, v̄a 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)
ẇp, ẇsand mass flow rate of unreacted waste plastic, and inert

sand particles, respectively (kg/s)
X conversion degree of plastic material (kg/kg)
X∞ conversion at infinite time (maximum pyrolysable

fraction)

x, x̄a 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
ˇ fluid-particle interaction coefficient
ε void fraction of bed (–)
ε0 initial void fraction of bed (–)
εmf void fraction of bed at minimum fluidization condi-

tion (–)
� cone angle (◦)
� conductive heat transfer coefficient between adja-

cent streamlines (W/m K)
�p solid bulk viscosity (Pa s)
�q bulk viscosity of phase q (Pa s)
�q,z, �q,r normal stress and shear stress of phase q (N/m2)
�Hr heat of pyrolysis reaction (J/kg)

Subscripts
a annulus
f fountain core
mf minimum fluidization conditions
p particles
s spout
sand sand particles
t waste plastic materials

of waste plastics in a SBR is an inherently unsteady-state phe-
nomenon.

Pyrolysis of waste plastics has been carried out in SBRs and a
number of kinetic models have been proposed [1,2,22–24]. How-
ever, no mathematical model is yet available in the literature to
analyze theoretically the profiles of concentrations, temperatures,
and velocities in the pyrolysis process in such an equipment.

The aim of the present study is to develop a comprehensive
mathematical model to analyze the pyrolysis of waste plastics in
batch SBRs. The kinetic expression for the pyrolysis process has
been extracted from the literature. Thereby, the performance capa-
bility of a spouted bed under unsteady-state conditions has been
evaluated.

2. Mathematical model

2.1. Model description

The spouted bed consists of spout, annulus, and fountain zones
(Fig. 1). According to Fig. 1, the gas and particles flow co-currently
from bottom to the top of the spout, while the particles in the annu-
lus region enter the spout along the length of the latter. Pyrolysis
gas flows upward, passes the spout and enters the annulus region.
In the fountain, air and particles move upward co-currently. The
particles, on leaving the spout, drop down to the annulus region. It
is assumed that air simply flows out of the bed.

The annulus zone is modeled based on the concept of stream-
tube approach of Lim and Mathur [18]. In this model, the annulus is
considered to consist of a series of plug-flow stream tubes. Accord-
ing to the literature, the solids move almost in plug flow in the
upper part of the annulus and this assumption is reasonable [25].
The locus of streamlines is predicted as a model’s parameter by
solving the rest of model’s equations.
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