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A quantitative model for scrap tire pyrolysis in a batch scale reactor developed com-
prises the following basic phenomena: conduction inside tire particles; conduction, con-
vection, and radiation between the feedstock particles or between the fluids and the
particles; tire pyrolysis reaction; exothermicity and endothermicity caused by tire decom-
position and volatilization; and the variation of the composition and the thermal prop-
erties of tire particles. This model was used to predict the transient temperature and
density distributions in the bed of particles, the volatile product evolution rate, the mass
change, the energy consumption during the pyrolysis process, and the pressure history in
a tire pyrolysis reactor with a load of 1 kg. The model predictions agree well with

independent experimental data.

Introduction

Pyrolysis has become an attractive solution to the growing
environmental problems caused by the generational and
worldwide accumulation of scrap tires. This approach, which
has been under development over the last twenty years, is
based on the air-free thermal decomposition of tires at high
temperature (450-800°C) to useful products such as carbon
black, pyrolysis oils, steel and gas. Several pyrolysis processes
have been proposed, such as vacuum pyrolysis (Roy et al.,
1989, 1990), flash pyrolysis (Che et al. 1976), molten salt py-
rolysis (Chambers et al., 1984), and a few batch processes
(Araki et al., 1979; Bouvier et al., 1987; Schulman and White,
1978; William et al., 1990). The published literature deals pri-
marily with process description, product characterization, and
market surveys. Very few studies have been conducted on the
fundamentals of tire pyrolysis, such as chemical kinetics and
heat-transfer, and mass-transfer mechanisms. In order to fos-
ter the development of tire pyrolysis toward producing better
product quality and increasing the process efficiency, a better
understanding of the basic physical and chemical mecha-
nisms underlying the process is necessary. This study is based
on the fundamental research in the following areas:

e Thermal and kinetic studies by thermal analysis tech-
niques
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e Heat and mass transfer in a large single particle

e Heat and mass transfer in a packed bed of particles.

The first two research areas were investigated in previous
studies (Yang et al., 1993, 1995a,b); the main results will be
summarized later. The work of Wakao and Kaguei (1984) has
been used for the third area cited. The objective of this work
is to study the used-tire pyrolysis mechanism in a batch reac-
tor. A mathematical model will be developed that combines a
series of partial differential equations governing the kinetics
of tire pyrolysis, the heat transfer inside the scrap tire parti-
cles, the conduction, convection, and radiation of heat trans-
fer in the reactor and in the bed of particies. The model pro-
vides a quantitative description of the thermal and kinetic
processes during tire pyrolysis in a batch reactor, through the
prediction of the temperature distribution and tire conver-
sion in the bed of tire particles, as well as the energy con-
sumption, mass change, and the pressure history in the reac-
tor. This model will be also tested using the experimental
data of Labrecque (1987) for tire pyrolysis in a batch reactor.

Literature Review

Heat and mass transfer in pyrolysis batch reactors has been
studied at the macroscopic and the microscopic levels. Most
tire pyrolysis studies published so far only provided a macro-
scopic description of the process without much insight or un-
derstanding of the underlying physicochemical phenomena.
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For instance, Bouvier et al. (1987) investigated tire pyrolysis
under nitrogen atmosphere. In their study, the bed of tire
particles was simplified as a uniform system. The overall heat
transfer and the chemical kinetics were studied and semithe-
oretical equations were developed to model the average tem-
perature and conversion of the bed. In the experimental work
of Labrecque (1987), tire pyrolysis under vacuum conditions
was investigated. The mean pressure and temperature in the
center of the bed were measured and the energy and mass
changes were estimated as a function of temperature. Finally,
the overall thermal efficiency was calculated. The total weight
loss of the tire particles was found to lie between 60% and
70%. The global energy consumption was estimated to be 706
ki/kg.

Since the scope of these results is limited to a narrow oper-
ating window, extrapolation to other experimental conditions
is rather unsafe, particularly in light of the poor understand-
ing of the mechanism of tire pyrolysis. There is clearly a need
for a microscale pyrolysis investigation, from which more de-
tailed information and quantitative data could be obtained.

At the microscopic scale, the bed temperature and concen-
tration gradients in the axial and radial directions must be
considered, due to heat transfer from the walls and from the
bottom of the reactor. Each particle in the bed can be viewed
as a small reactor. Heat is transferred from the adjacent tire
particles by conduction and radiation, as well as from the
fluid in the void space by convection. Pyrolysis develops from
the surface toward the center, following the propagation of
the pyrolysis temperature throughout the particle. Within the
particles, the prevailing heat-transfer mechanism is conduc-
tion; some convection is also present due to the flow of the
volatile materials in the porous structure. The pyrolysis of
single particles has been widely investigated in previous stud-

ies mainly for wood, coal, and oil shale. Mathematical models
were proposed to predict the internal mass and temperature

changes under well-defined thermal conditions (Bamford et
al., 1946; Becker et al., 1984; Chan et al., 1985; Havens et al.,
1971; Kung, 1972; Phuoc et al., 1987; Pyle and Zaror, 1984;
Stevenson et al., 1973). Recently, Yang et al. (1995b) studied
the pyrolysis of single tire particles. A mathematical model
was developed that included the heat transfer, mass transfer,
pyrolysis kinetics, and their interactions during the pyrolysis.

A major limitation of mathematical models of pyrolysis
processes is the lack of reliable thermal and kinetic data,
which makes the quality of the predictions questionable.
Thermal analysis techniques, including thermogravimetry
(TG), differential thermal analysis (DTA), and differential
scanning calorimetry (DSC) have been used to investigate the
kinetic and thermal behavior of wood (Havens et al., 1971)
and coal (Mahajam et al.,, 1976; Alula et al,, 1990; Muifioz-
Guillena et al,, 1992) during pyrolysis. These techniques,
however, only apply to tiny samples, where it was not neces-
sary to consider the influence of heat or mass transfer in the
sample.

In tire manufacturing, styrene-butadiene rubber (SBR),
polybutadiene rubber (BR), natural rubber (NR), and their
blends are the most frequently used elastomers. Their pyroly-
sis kinetics have generated considerable interest in the litera-
ture (Brazier and Nickel, 1975; Maurer, 1981; Sircar and La-
mond, 1975; Yang et al., 1993). The weight-loss evolution of
these elastomers under thermal decomposition conditions can
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be observed by the TG method. Successful first-order kinetic
equation models can be derived and reliable kinetic data arc
obtained.

The energy change during pyrolysis is of considerable im-
portance for the thermal and kinetic calculations. In several
of the pyrolysis studies reported in the literature, this change
was difficult to obtain. Quite often, it was assumed to be
athermal due to the lack of reliable data (Zaror and Pyle,
1982; Pyle and Zaror, 1984). In Labrecque’s work (1987), a
small exothermic peak was observed in the temperature range
of 300 and 400°C. Similar phenomena were found during the
thermal decomposition of SBR and BR e¢lastomers, using DSC
measurements (Brazier and Schwartz, 1978). Further quanti-
tative studies carried out by the authors (Yang and Roy,
1995a) using TG, DTA, and DSC equipment clearly revealed
the presence of both endothermic and exothermic peaks. The
energy-change mechanism was discussed and theoretical
equations were proposed to describe the energy change as a
function of temperature.

Theory

Let’s consider a cylindrical vacuum pyrolysis reactor filled
with tire particles randomly packed at the bottom of the re-
actor and forming a porous bed. When the thermal energy is
transferred from the reactor wall, heating of the tire particles
can be viewed as a two-stage process, depending on the parti-
cle temperature.

During the first stage, where the temperature rises from
room temperature to approximately 200°C, no significant py-
rolysis occurs. Chemical and physical changes associated with
the pyrolysis phenomena can be ignored. The heat trans-
ferred from the reactor wall increases the bulk temperature
and therefore the internal energy of the particles. The heat-
transfer mechanism is quite simple and consists of radiation
and conduction from the reactor to the bed, and conduction
between the tire particles. No convection is considered since
the pressure inside the reactor is very low. The temperature
increase, however, modifies the thermal properties of the
particles.

During the second stage, where the temperature rises from
200 to 500°C, the continuous input of energy toward the tire
particles triggers the pyrolysis of the organic materials. First,
the processing oil and the other low-boiling-point ingredients
in the tires are vaporized between 200°C and 300°C. This is
followed by the decomposition and evaporation of the poly-
mers between 300°C and 500°C. The pyrolysis products con-
sist of gas, organic vapors, and carbon black. The gas and
vapors are rapidly sucked away by the vacuum pump as soon
as they form, while the carbon black remains in the reactor
as a solid residue product. Finally, when the bed temperature
reaches 500°C or higher, all the organic materials in the bed
have disappeared and a bed of carbon black particles re-
mains in the reactor. Heat-transfer phenomena during this
stage are quite complex, including radiation between parti-
cles and convection caused by the flux of volatiles at the sur-
face of the particles. Since pyrolysis and heat transfer have a
mutual influence, the phenomena are even more complex.
Heat transfer promotes pyrolysis, which in turn triggers a se-
ries of chemical reactions and physical changes. These
changes, especially those concerning the thermal properties
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and the generation of pyrolysis heat, significantly influence
the heat-transfer process. The heat of pyrolysis is mainly pro-
duced by the tire decomposition reaction and the vaporiza-
tion of the pyrolysis products.

Heat-Transfer Characteristics

The study of heat transfer in packed beds finds many ap-
plications in industry, such as in coal gasification, coal-bed
burning, catalysis, ion exchange, and heat regeneration
{Wakao et al., 1984). Quite often heterogeneous packed beds
are simplified as homogeneous systems in which average ef-
fective heat-transfer coefficients are used. The heat transfer
within the fluid is usually ignored since the fluid density is
very low; only the heat transfer between the particles and the
fluid is considered. The following heat-transfer mechanisms
occur in the general case:

1. Conduction through the solid particles

2. Conduction across the stagnant gas surrounding the
points of contact between the particles

3. Conduction through the points of contact between the
particles

4. Radiation between adjacent particle surfaces

5. Forced solid-gas convection.

According to the temperature level in the bed, two heat-
transfer models can be worked out.

Conduction model

When the bed temperature is less than 200°C, only conduc-
tion has to be considered. Indeed, there is no gas flow (hence
no convection) and the temperature is too low to account for
radiation. Under such conditions, the effective thermal con-
ductivity is primarily dependent on the thermal conductivities
of the solid particle k,, the stagnant gas k,, and the bed
properties. Several models have been published to determine
the effective thermal conductivities of a packed bed of parti-
cles (Argo and Smith, 1953; Yagi et al., 1957; Beveridge and
Haughey, 1971). In this study, the heat-conduction model of
Deissler and Boegli (Beveridge and Haughey, 1971), which
calculates the effective thermal conductivity of packed beds
under low pressure was used:

Y=f—e=e,ﬂ+ o + ‘ ¢))
kg X(1—-e€y) €4+ Xe,;
where
X=% @
4
and
a=f(e,n,) 3

where €., €4,, and €,; are the area factors and n, is the
number of contact points. As shown in Figure 1, the unit
cross-sectional area is divided into three parallel paths: €,
is the path of gas conduction, €4, the path of solid conduc-
tion, and €,; the path of contact conduction. The following
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Figure 1. Unit-cell model of heat conduction in a packed
bed.

relations can be derived for these various paths:
€,+te, e, =1 4

The contact area, €,, depends on the particle surface char-
acteristics, the solid elasticity, and the particle loading. It is
usually obtained from an experimental, effective thermal
conductivity measurement under the required particle sur-
face and loading conditions. In this study, an attempt is made
to evaluate €, from the particle shape and properties.

Global-heat-transfer model

Radiant Heat-Transfer Coefficient. When the bed tempera-
ture is higher than 200°C, the radiation heat transfer between
particies cannot be ignored. The radiation is a function of
temperature, radiating surface, emissivity, and view factor.
Following Wakao and Kato (1969), the radiant heat-transfer
rate, Q,, between the two hemispheres at temperature 7, and
T, is

Ao
0= —1—— (T} =T} @)
2(——1)+—

w 12

If a radiant heat-transfer coefficient 4, is used, the rate
equation can be simplified, with

Qr = Ahr(Tl - TZ) (8

g 2 2
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where o is the emissivity of the gray surfaces, T, the particle
temperature, and 7, the average temperature of adjacent
particles. The value F, = 0.576 has been computed by Wakao
and Kato (1969).

Quite often, the radiation heat transfer between the packed
particles is expressed by a radiation thermal conductivity, k,
(Beveridge and Haughey, 1971; Harris and Lenz, 1985; Kung,
1972), as

aT
qr=—k,—a—g=h,(Tl—T2). 10)

Conuvection Heat-Transfer Coefficient. During tire pyroly-
sis, approximately 65% by weight of the rubber is decom-
posed and evaporated. The flow of volatile matter through
the voids engenders a convection heat transfer between the
fluid and the solid particles. The Reynolds number of the gas
flow is expressed as

Re=-2""% (11)

where d, is the particle diameter, u, the superficial fluid ve-
locity, p, the fluid density, and u the fluid viscosity.

Wakao and Kaguei (1984) reviewed the literature pub-
lished on convection heat-transfer models at low and high
Reynolds numbers. They proposed the following correlation
to calculate the heat-transfer coefficient:

Nu=2+1.1PrRe®® (12)
where
hcdp
Nu= (13)
kg
and
12
Pr=Cp,—. 14
r Pg kg ( )

In these relations, &, is the particle-to-fluid heat-transfer co-
efficient, d s the particle diameter, kg, the fluid thermal con-
ductivity, C Py the specific heat of the fluid, and wu, the fluid
viscosity.

The superficial fluid velocity can be determined by the
global fluid velocity u and the global porosity €, through the
following relation:

u, = (15)

where the value of u depends on the pressure gradient in the
reactor.

Pressure Inside the Reactor. Uniform temperature and
pressure are assumed in the upper gas space of the reactor,
whose values are the mean values of the temperature and
pressure in the mixed volatile materials from the bed of par-
ticles. The value of the mean pressure is related to the gas
accumulation in the reactor, which is a dynamic process gov-
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erned by the simultaneous ongoing volatilization process from
the bed of particles and gas removal by the vacuum pump.
The mass balance of volatile materials in the reactor over a
small time step is given by

my=my+Am,~Am, (16)

where mg is the mass of volatiles at last time step; Am, is
the mass increase due to the volatilization from the bed of
particles, and Am, is the mass decrease induced by the vac-
uum pump. They are given by

Amy,=YAm, Qan
Am,= Afp,udt (18

where p, the velocity gas density, and u« the velocity of gas
flowing out of the reactor, are given by

_ qump

1 (19

u

where Q. is the volumetric velocity of the vacuum pump
and V, is the volume of the upper space of reactor. Finally
the mean pressure is given by the ideal gas law equation

PV, =m,RT, (20
where 7, is the mean temperature of the volatile gas.

Kinetics and heat of pyrolysis

Tires are made of a complex blend of elastomers, carbon
black, processing oil, vulcanization agents and other addi-
tives. More than 90 wt. % of a tire is oil, elastomer, and
carbon black. In North America, car tire treads and sidewalls
are generally made of SBR, SBR/BR, NR/BR, NR/SBR,
and NR/SBR/BR (Hofmann, 1989). Because the carbon
black is inert during the pyrolysis process, the pyrolysis of oil
and polymers governs the kinetics of tire pyrolysis.

Kinetics of Tire Pyrolysis. The pyrolysis kinetics of straight
NR, SBR, and BR were investigated in previous studies
(Sircar and Lamond, 1970, 1972, 1975; Yang et al., 1993). It
was found that these elastomers pyrolyze when the tempera-
ture is in the range of 300-500°C. A first-order kinetic equa-
tion can be successfully used to represent the weight loss dur-
ing the pyrolysis of the elastomers and the processing oil. This
equation is written as

dm
— =Ze T (1—m) 2D
dt

where m is the mass fraction of the mass of volatiles evapo-
rated at time ¢, £ is the apparent activation energy, and Z is
the preexponential factor. These parameter values were de-
termined in a previous study (Yang et al., 1993) and gave for
oil E=49.1 kJ/mol, Z=4.01x10* min~'; for NR E =207
kl/mol, Z =236x10'® min~!; for SBR E =152 kJ/mol, Z
=1.78x10'° min~!; and for BR E = 215 kJ/mol, Z = 6.32x
10'* min~'.
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The tire weight loss during pyrolysis can be viewed as a
combined process of oil vaporization and volatilization of the
pyrolyzed elastomers (Yang et al., 1993). A composite form
of the first-order equation with Arrhenius parameters can
then be used to describe the process (Flynn and Wall, 1966),
which gives

dm

—=TaZe T(1-m) 22)

where «; is the weight fractions, Z; and E; the preexponen-
tial factors and the apparent activation energies for oil and
component elastomers, respectively. Figure 2 shows the rate
of weight loss of the tire sidewall particles during the pyroly-
sis process as measured by TGA. The dashed line corre-
sponds to the simulated curves using Eq. 22.

Enthalpy Change During Tire Pyrolysis. There are three
parts of enthalpy change that should be considered during
the tire pyrolysis: (1) sensible heat, for raising the tempera-
ture of a certain mass of material; (2) the heat of reaction,
produced during the polymer thermal decomposition, which
may be endothermic or exothermic; (3) the heat of volatiliza-
tion, providing energy to evaporate the pyrolysis products.
Figure 3 shows the overall enthalpy change measured by DTA
and the contribution of sensible heat, the heat of reaction,
and the heat of vaporization obtained by thermal analysis.

The sensible heat of tire was measured by DSC. Based on
the measurement, a linear correlation of specific heat and
temperature was obtained through the DSC curve simula-
tions (Yang and Roy, 1994a):

C,=123+6.55x107°T. (23)

The heat of evaporation g, is proportional to the rate of
volatilization and is defined as

dm;
q,= Zhg, I 24)

where i is the component materials and £, is the latent heat
of vaporization of the pyrolysis products and dm/dt the rate
of weight loss that can be measured by thermogravimetry or
calculated by Eq. 21. The m; included both vapors and gases
and in fact only the vapors will absorb heat to evaporate.
Since the percentage of gases is usually low (ca. 5%), it will
not introduce significant error in the calculation of g,. The
value of &, was found to be 250 kl/kg for NR and 280 kl/kg
for BR (Yang and Roy, 1995a).

The heat of reaction g, is obtained by subtracting the sen-
sible heat and the heat of evaporation from the total en-
thalpy change. It is assumed that the heat of reaction is pro-
portional to the rate of decomposition of polymers, which
yields

Th 4. (25)
44 = di g

where h, is the reaction heat coefficient and dC/dt is the
rate of decomposition. The use of the first-order kinetic
equation with Arrhenius parameters in Eq. 25 to model the
rate of decomposition gives
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Figure 2. Tested and simulated DTG curves of used tire
material (simulation based on 24% oil+36%
NR+40% BR).

q,;= ZhdiZie_ﬁyRT(l—Ci). (26)

The values of h,, E, and Z were determined in earlier stud-
ies (Yang et al,, 1993), and are for NR A, =214 kl/kg, E =
207 kI/mol, Z =2.36x 10'® min~!; for SBR h =500 kJ/kg,
E =207 kJ/mol, Z=2.36x10'%; for BR h, =760 kJ/kg, E =
207 kl/mol, Z = 2.36x 1016,

Properties of packed bed

The packing of scrap tire particles is a random arrange-
ment of granular and polydisperse tire particles, which are
often heterogeneous in geometry, size, and the way the parti-
cles deposit. When tire particles are packed in the reactor,
the arrangement of particles and the resulting void distribu-
tion between the particles may have a significant influence on
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Figure 3. Overall enthalpy change and the contribution
of the sensible heat C,, the heat of reaction
g4, and the heat of evaporation q, during tire
pyrolysis.
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the heat and mass transfer in the bed of particles. Several
parameters are used to describe the packing properties.

In this work, the tire particles consisted of quasi-identical
cylinders of diameter d,, and length L. A mean volume diam-
eter (Vanécek et al., 1966) d was used to describe the grain
size of particles:

m—
—d’L=—2 . 27

Since d=L for the particles used in this experiment, the
previous equation simplifies to

d=y —£ 28)

where N is the number of the particles in the bed. The pores
in the packed bed are interconnected, which allows the
volatile materials to flow between particles and finally move
out of the bed. The porosity defined as the fraction of void to
the bed total volume can be calculated by Eq. 29 (Schei-
degger, 1960):

(29)

where V), is the bed volume and ¥V the volume of solid parti-
cles.

Mathematical Heat-Transfer Model

Five basic thermal and kinetic phenomena must be consid-
ered in this model: heat transfer from the reactor wall to the
bed of particles; heat transfer from the outer surface to the
core of the bed; the kinetics of tire pyrolysis reactions; the
energy consumption or generation due to the endothermic or
exothermic nature of the pyrolysis process; and the variation
of the composition and the thermal properties of the tire par-
ticles. As these processes are thermally dependent, they are
therefore a function of time during the heating process.

Previous studies revealed that when there are more than
10 particles in the radial direction and more than six in the
axial direction, a pseudohomogeneous model can be used for
the heat-transfer study, without causing significant errors
(Hlavacek and Votruba, 1977). A pseudohomogeneous model
considers the bed as continuous, where the separate phase
contributions are averaged. A constant temperature at the
bottom and lateral wall of the reactor, and thus a symmetry
of revolution for the temperature field, are assumed (for in-
stance, a moiten lead bath reactor will fulfill those require-
ments). Therefore, a two-dimensional pseudo-homogeneous
model is sufficient to represent the axial and radial heat-
transfer phenomena.

Since the heat transfer in the reactor during pyrolysis is a
complex phenomenon, some simplifications are necessary be-
fore a “workable” model can be developed:

1. The intraparticle convection is ignored. Conduction is
the only heat-transfer phenomenon within the solid.
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2. Conduction across the gas in the voids is ignored.

3. Radiation between particles exists only between adja-
cent particles.

4. The gas inside the reactor is transparent, so the ab-
sorption and reflection of the radiation by the gas are ig-
nored.

5. The gas flow within the bed is only in the axial direc-
tion.

6. The pressure and temperature of the volatile materials
are uniform everywhere in the reactor.

It is assumed that the domain of study consists of an array
of small unit cells. As shown in Figure 1, every unit cell con-
sists of solid particles and void space between particles. It is
assumed that every cell has the same porosity, whose value is
taken as the averaged bed porosity. Several heat-transfer
mechanisms are considered for a unit cell: (1) conduction
through the solid phase, the void space, and the contacting
point of particles; the effective thermal conductivity &, (Eq.
1) is used to calculate these three conductions; (2) radiation
between particles, through the surface of every particle (the
radiation heat exchange exists in both axial and radial direc-
tion), Eq. 10 is used to calculate the radiation thermal con-
ductivity k,; (3) convection heat transfer between particle
surface and the flowing gas in the void space of cell. Accord-
ing to Eq. 12, the convection primarily depends on the flow
rate and the thermal properties of the fluid. In this study, the
fluid flow being mainly in the axial direction, the convection
in the radial direction is omitted.

For the thermal modeling of the pyrolysis process, one
should consider the two temperature windows that corre-
spond to the nonreactive zone (T < 200°C) and the reaction
zone (T = 200°C). From a practical standpoint, just one set of
equations is used to describe the heat-transfer phenomena in
the two zones. The equations will automatically fit the case
with 2, =0 and k, < k,, when T < 200°C.

Considering the enthalpy change of a unit cell, the conduc-
tion and radiation between particles, the convection between
particle and gas, and the heat generation or consumption of
pyrolysis, the energy balance of a unit cell can be expressed
as follows:

aT 1 9 T
e, Crg + (1= ) p,Cp] —= == — |k, —

J oT 1 9 aT d oT
+— |k, — |+ — [k, — +—(k,——)
dz \ ¢ 9z r or ar 9z 9z

oT
+ th(———) +(1-€)p,qg (30)
dz

where €p,Cp (dT/3t) and (1 - €)p,Cp(dT/dt) are the en-
thalpy changes for the gas and the solid, respectively; the
conduction between particles is given by 1/rd/dr(rk, dT/or)
+ 9/32(k,3T/3z). The radiation between cells is represented
by 8/dr(rk,aT/dr)/r + 3/32(k,aT/dz); the convection is only
in the axial direction, and is given by Bk (dT/dt), where B is
the area factor defined as the ratio of the surface area of
particles in one cell to the surface area of unit cell; the heat
source due to the pyrolysis reaction is given by (1— €)p.q,
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which consists of the heat of evaporation g, (Eq. 24) and the
heat of reaction g, (Eq. 26).

The term p, is defined as the bed density, which can be
represented as (1— €)p,. Since the bed pressure is very low,
p;Cpy < p,Cp,. Then Eq. 30 simplifies to

aT 1

i (k k)ﬁT i (k k)aT
— = — + k) — |+ — |k, +k,)—
Pops ol T ar PAe T Hr ar sz| ¢ 7oz

h or 3
+ B 0(32_)+pr' 31

Heat transfer from the reactor to the bed

The energy source for the heating process is the high-
temperature reactor wall. The heat is transferred from the
reactor to the bed through the boundary surfaces. Figure 4
indicates the boundary conditions of a packed bed during a
heating process. At z = 0, particles are in close contact with
the bottom wall, thus T =T,,. At the top surface (z = L), par-
ticles are exposed to the radiation flux from the upper space
of the reactor (w is the emissivity of particle and F the view
factor). At the lateral surface, radiation dominates; the view
factor is considered as 1, due to the small distance between
the bed and the reactor wall.

Numerical solution

Since the energy balance equation (Eq. 31) is highly non-
linear, it cannot be solved analytically. In the present study, a
finite difference method is used to approximate the heat-
transfer equation. The computational domain is 0 <z <L,
0 <r <R and ¢ > 0. A regular mesh was used on the domain,
which comprises (n+1)X{(m +1) points on each time line,
with nAz =L and mAr = R. The time increment is Az. In
calculations, the values of m and n are taken as 30, and At
=10 seconds. A mesh analysis was carried out and no mesh
effects were found.

The governing equation expressed in a finite difference
form is as follows:

Ks 9L = 39

T _ 4.
;= l_— -Ks¥-®0'ﬂ'w T

\

\

<—-ng—I=wG(Tw"T4)

\

LT=TW

Figure 4. Boundary conditions of the packed bed of tire
particles during the heating process.
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where i (respectively, j) denotes the grid locations on the 7
axis (respectively, z axis) and where n represents the time
index.

The resolution of this equation is based on the alternating
direction implicit (ADI) method (Jaluria and Torrance, 1986).
The ADI method uses an explicit formulation in one direc-
tion and an implicit formulation in the other. The directions
are alternated from one iteration to the next. The flow chart
of the computer program is shown in Figure 5. The program
was written in Fortran 77 and simulations were run on a
VAX/VMS minicomputer.

To run the simulations, the following input data must be
provided: (1) wall temperature of the batch reactor; (2) ther-
mal properties of tire particles; (3) kinetic properties of tire
pyrolysis; and (4) properties of the packed bed.

Model Predictions and Discussion

Predictions of the transient temperature and density distri-
butions in the tire-bed, and the overall mass change, energy
consumption are given in this section. The predictions are
based on the assumptions that the reactor wall temperature
is constant at 510°C during the whole pyrolysis process. The
initial load of scrap tires is 3.4 kg. Tables 1 to 3 illustrate the
values for the different properties used in the computations.
It was found that the model was not very sensitive to the
input parameters.

Temperature history and energy change

Figure 6 shows the predicted time evolution of the temper-
ature at the center of the bed at various heights during tire
pyrolysis. At time ¢ > 0, an intensive heat transfer from the
reactor to the bed appears on the boundary surfaces, due to
the large temperature difference between the reactor and the
bed. In Figure 6, a rapid temperature increase is observed at
the bottom and top surfaces of the bed. At z = 0 (the bottom
surface of the bed), the particle temperature jumps from room
temperature to 510°C, due to the direct contact with the re-
actor. At z =1 (the top surface of the bed), a rapid tempera-
ture increase is also observed due to the intensive radiant
heat projected on the surface.

The typical shape of the temperature curves at the onset of
the heating process can be explained by the large thermal
resistance that exists between the boundary surfaces and the
center of the bed. During the first 20 minutes, the heat flux
to the bed is high, which results in noticeable temperature
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Figure 5. Flow chart of the computer program.
(a) Flow chart of the main program. (b) flow chart of the subroutine TEMP.

gradients. Later, when the bed temperature becomes higher,
the heat flux to the bed tends to decrease which, in turn,
lowers the temperature gradients. This phenomenon is un-
doubtedly caused by an increase of the effective thermal con-
ductivity with the temperature rise, which causes smaller
temperature gradients in the bed. At a later stage of the

Table 1. Reactor and Packed-Bed Conditions and

Characteristics
Initial temperature of the bed T, =25°C
Initial pressure of the bed P,=0kPa
Temperature of the reactor wall T,,=510°C
Radius of the reactor Ry =01m
Height of the reactor H=02m
Packed-bed porosity e=04
Mean diameter of the cylindrical tire particles d,=0.005m

heating process, the interparticle radiations increase signifi-
cantly with the increase in the bed temperature and become
the dominant heat-transfer mechanism. (The radiation is
about twice as high as the thermal conduction when tempera-
ture rises to 500°C.)

The temperature history in Figure 6 reflects both the ther-
mal and kinetic changes in the bed. Before 300°C the tem-
perature increase is roughly linear, while there is no signifi-
cant chemical reactions involved. While the temperature fur-
ther increases, upward and downward peaks appear, showing
the beginning of the reactions of tire pyrolysis. In the temper-
ature range 300-450°C, the elastomers in the tires decom-
pose, and heat is released. In the temperature range
200-500°C, the pyrolysis products and other low-boiling-point
materials are evaporated, which results in endothermic en-

Table 2. Thermal Properties

Variable Value Unit Reference
True density of tire, p 1,150 kg/m? Present work
Specific heat of tire (at 0°C), C,, 1,230 J/kg-K Yang and Roy (1995a)
Thermal conductivity of tire, k 0.3 W/m-K Sircar et al. (1988)
Specific heat of carbon black, C,, 850 J/kg-K Touloukian (1970)
Viscosity of volatile material, u 10 mm?/s Schuman et al. (1978)
AIChE Journal June 1995 Vol. 41, No. 6 1507



Table 3. Kinetic Properties™

Carbon
Properties Oil NR BR Black
Fraction «; 0.17 0.25 0.28 0.3
Preexperimental factor Z (1/min) 4.01x10* 2.36x 1010 6.32x 10" —
Activation energy E (kJ/mol) 49.1 207 215 —
Heat of reaction (kJ/kg) — 215 760 —
Heat of vaporization (kJ/kg) 250 280 280 —

*All data from Yang et al. (1993; 1995a).

ergy changes. At this point, the sample compositions, density,
and specific heat are modified. Finally, at ¢ =100 min, when
the average bed temperature rises to 500°C and the extent of
conversion of the tire bed reaches 99%, the pyrolysis process
is considered to be complete.

The temperature distribution in Figure 6 is not symmetric
around the axial axis. The lowest temperature is found at the
position of z = 0.6. This can be explained by the fact that a
larger portion of the thermal energy is transferred through
the bottom than through the top surface.

Figure 7 exhibits the heat transfer from the reactor wall to
the bed of tire particles. The hcat transfer through the bot-
tom of the reactor where both conduction and radiation exist
due to the contact of tire particles and reactor is Q; @, is
the heat transfer through the lateral and top surfaces of bed
induced by radiation. It can be observed in Figure 7 that 35%
of the heat transfer to the bed is through the bottom surface,
25% through the top surface, and 40% through the lateral
surface. The most efficient heating occurs during the first 20
minutes, during which about 50% of the total energy is trans-
ferred from the reactor to the bed.

In Figure 7 Q,,, represents the total heat transfer to the
bed through the boundaries. At the end of the pyrolysis, Q,,,
is calculated as 3,077 kJ. Since the mass of feedstock is equal
to 3.4 kg, the total energy consumption per kilogram of tire is
905 kl/kg. This result is close to the value of 706 kl/kg esti-
matcd cxperimentally by Labrecque (1987).

As a result of the heat being transferred to the bed, the
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Figure 6. Temperature history at the center of bed and
various heights during tire pyrolysis.
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bed energy increases with time (Figure 8), which is used to
warm up the unreacted zone and drive the pyrolysis reaction.
In Figure 8, Q, is the sensible heat, Q,, the heat of decompo-
sition, and Q, the heat of evaporation. Before pyrolysis, about
670 kJ/kg of energy is needed to heat the particles from room
temperature to the more intense pyrolysis temperature level,
that is, about 300°C. When tire pyrolysis proceeds, approxi-
mately 200 kJ of energy is released by each kilogram of elas-
tomers decomposing, which provides an extra heat source to
the bed. The vaporization of the pyrolysis products is en-
dothermic; about 180 kJ/kg of energy is consumed during the
vaporization process. The energy calculation indicates that the
major portion of the energy consumption in tire pyrolysis goes
into the increase of the sample internal energy. The evapora-
tion heat takes about 20% of the total energy consumption.
The decomposition heat provides about 22% extra heating.
Any analysis ignoring the heat of reactions would discard im-
portant thermal mechanisms.

Density change

Figure 9 exhibits the density history in the center of the
bed, corresponding to the temperature changes shown in Fig-
ure 6. In Figure 9, three regions can be observed from every
density curve, namely the virgin, the reactive, and the carbon
black regions. The virgin region (before pyrolysis occurs) is
characterized by a constant sample density of 763 kg/m?. For
the second region, tire pyrolysis occurs that results in dra-
matic density changes. During pyrolysis, the sample volumet-
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Figure 7. Heat transfer from the reactor to the bed.

(Q;—Heat transfer through the bottom surface; Q,—heat
transfer through the top and lateral surfaces of bed;
Q,0; —the total heat transfer to the bed through the bound-
ary surfaces.
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Figure 8. Sensible heat Q,, evaporation heat Q,, and
heat of reaction Q, during pyrolysis of the bed
of tire particles.

ric shrinkage or expansion is small, and the pyrolysis prod-
ucts are assumed to leave the matrix of particles as soon as
they are formed. The local density change is therefore deter-
mined by the sample’s weight loss process caused by the va-
porization of pyrolysis products. In the reaction region, three
steps of weight loss can be observed from the density curves.
It is caused by the different pyrolysis temperatures of oil, NR
and BR. The third region is when pyrolysis is completed and
the sample density becomes constant again. The sample final
density is 250 kg/m?>, corresponding to the 70 wt. % loss dur-
ing tire pyrolysis. The residual material is carbon black, which
proximate analysis says is 80% fixed carbon (Labrecque,
1987). Since the volume change is minor during pyrolysis, the
carbon-black residue has a microporous structure.

Heat-transfer and pyrolysis mechanism in the bed

Figures 10 and 11 illustrate the temperature and density
changes with the radial direction at an axial position z = 0.6.
The physical phenomena represented are the heat and reac-

Density ( kg/m3)

2m L A 1 L 1 L 1 1 1 1
0 10 20 30 40 50 60 70 8 90 100 110

Time (min)
Figure 9. Density variation at the center of the bed and
various heights during tire pyrolysis.
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Figure 10. Temperature history in the radial direction at
an axial position of z=0.6.

tion front propagation, from the border toward the center of
the bed. Heat is transferred mainly by conduction and radia-
tion. When T < 200°C, the contribution of radiation is around
five times less than that of conduction. When T > 200°C, the
contribution of radiation quickly increases, and eventually
becomes the major mechanism for intraparticle heat transfer.
Convection is also present, which is produced by the flow of
volatile materials in the void spaces. The computations, how-
ever, show that the convection for the existing low-pressure
conditions is several orders of magnitude less than the con-
duction or the radiation.

The pyrolysis process presented in Figure 10 can be re-
garded as a reactive front advancing into the virgin tire, leav-
ing behind it a thoroughly converted material. The advancing
rate of the front determines the rate of pyrolysis propagation.
Pyrolysis occurs over a temperature range of 200-500°C. At
the reactive front, a jump of temperature and density occurs
when there is a sudden weight loss and a drop in the value of
C, caused by the tire pyrolysis reaction.

Depending on the characteristic times of heat transfer and
the extent of pyrolysis, the tire pyrolysis can be either con-

Density ( kg/m3)

200 1 ! 1 i 1 1 1 i I !

Time (min})

Figure 11. Density variation in the radial direction at an
axial position of 2=0.6.
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Figure 12. Overall mass loss of the tire bed as a func-
tion of time.

trolled by the heat transfer or by the kinetics. The character-
istic time for the heat transfer in the bed can be estimated by
T, =CpR2/K, where R is the radius, p the density, C, the
specific heat, and K the overall effective thermal conductiv-
ity, and for the pyrolysis by 7,=1/k, where k=2 exp
(— E/RT). In our case, 7, was about 10° s, and T, Was 107 s,
which shows that the process is heat-transfer controlled.

Mass loss history

Figure 12 shows the overall mass loss of the bed as a func-
tion of time. The initial bed weight is 3.4 kg. After pyrolysis,
the bed weight becomes 1.02 kg, that is, 30% of its initial
weight. Unlike the weight loss behavior of a single particle,
which is basically kinetic controlled (see Figure 3), the weight
loss history of the bed of tires is determined by both the heat
transfer and kinetic processes of tire pyrolysis, and a gradual
weight loss process can be observed in Figure 12.

The relationship between the reactor temperature T,, and
the residual yield, which reflects the extent of pyrolysis, has
an important practical interest. Experimental measurements
can be found elsewhere (Bouvier et al., 1987; Labrecque,
1987; William et al., 1990). In the present article, the residual
yield is directly predicted by the computations. Figure 13
shows the predicted variation of the residual yield with the
reactor temperature, which in turn was compared with the
experimental measurements made by Labrecque. The overall
trend of the prediction is fair, although discrepancies are ob-
served for several of the discrete data points.

To better illustrate the residual yield change with 7, the
energy provided by the reactor to the tire bed was calculated.
When T,, = 250°C, the heat provided to the bed is 497 kl/kg.
This amount of energy is not high enough to initiate the tire
pyrolysis reactions; 96% of the initial weight is thus left as a
residual yield. The 4% weight loss is attributed to the vapor-
ization of some low-boiling-point materials in the tire parti-
cles. When T,, = 415°C, the heat provided to the bed reaches
786 kI/kg and the yield of solid residue predicted is 47%
(Figure 13). At this temperature, tire pyrolysis is occurring
but there is not enough energy for the reaction to be com-
pleted. Previous studies have shown that tire pyrolysis prod-
ucts have complex composition. Their evaporation requires
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Figure 13. Residual yield as a function of reactor wall
temperature T,,.

that energy is provided on a continuous basis over a large
temperature band. According to the model, if T,, <450°C,
the energy transferred to the bed will not be enough to com-
plete the evaporation process. Consequently, some pyrolysis
products will remain in the bed, resulting in high yield of
solid residues as shown in Figure 13.

Comparison between the measured and the predicted bed
temperature

To validate the model, a comparison between the mea-
sured and predicted temperature history in the tire bed was
made and is illustrated in Figure 14.

The tire pyrolysis experiment was previously performed by
Labrecque (1987) in an electrically heated reactor. The elec-
tric heating system provided a gradual temperature increase
in the reactor wall. A thermocouple was fixed in the center of
the bed. A vacuum pump with a volumetric flow-rate capacity
of 0.5 m®/min was connected with the reactor to maintain the
low pressure in the reactor. The initial mass of the tire bed
was 1 kg. The scrap-tire particles were cylindrical, with a di-
ameter varying between 5 and 12 mm. The particles were
taken from cross-ply tire sidewalls. Their average composi-
tion was determined to be oil:NR:BR:carbon black =
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Figure 14. Measured and predicted temperature history
at the center of bed.
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17:25:28:30, based on the thermogravimetry analysis of a tire
sidewall sample, as shown in Figure 2.

In Figure 14, an excellent agreement can be found be-
tween these two results before the pyrolysis proceeds after
about 200 min. After 200 min, the agreement is still fairly
good, although the predicted exothermic peak occurs about
30 min later than in the experiment. Also, the predicted tem-
perature is slightly above the experimental temperature once
the pyrolysis is complete.

Pressure evolution

The pressure inside the reactor is a very important factor
during vacuum pyrolysis reactions. Previous studies have
shown that the quantity and quality of pyrolysis oils and car-
bon black are strongly influenced by the pyrolysis pressure
(Labrecque, 1987). A low pressure in the reactor promotes a
fast elimination of the pyrolysis products from the particles,
and thus minimizes possible secondary reactions such as ther-
mal cracking and repolymerization.

The gas density in the reactor is governed by the mass bal-
ance between the gas production and the gas flow out of the
reactor. For the overall process, the pressure history is re-
lated to the rate of pyrolysis reaction and the capacity of the
vacuum pump.

Figure 15 shows the pressure changes in the pyrolysis
process, as predicted by the model and measured by the ex-
periment (Labrecque, 1987). A qualitatively good agreement
is obtained. A similar shape is observed for the two pressure
curves, including a major peak at 220-240 min, a small peak
at 290-320 min, and two other minor peaks at 45 and 120
min, respectively. The major peak is believed to originate from
the pyrolysis of tire that releases a large amount of volatile
materials, resulting in an increase in pressure. The small peak
may come from a different rubber material that has a higher
stability. Let’s recall that, in this simulation, the composition
of tire sidewall was assumed as oil/NR/
BRcarbon black = 17/25/28 /30 and was based on a thermo-
gravimetric analysis. On the other hand, tires used in
Labrecque’s work were collected from waste sidewall tires,
possibly with different trademarks, which may exhibit some
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Figure 15. Pressure history in the pyrolysis reactor.
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differences in composition. As for the two minor pressure
peaks (just before the major one), these differences originate
from the evaporation of low-molecular-weight additives such
as processing oil.

It can be noted that there is a shift of about 20 to 30 min
toward the higher temperature between the numerical and
experimental results. Although the reason for this shift is still
unclear, the difference in chemical composition and compo-
nent ratio between the experimental and theoretical systems
can be part of the explanation. The higher base pressure of
about 0.25 kPa in the experimental result is not surprising,
because of unavoidable air leakage in the vacuum system.

Conclusion

A novel transient two-dimensional mathematical model of
the thermal and kinetic processes during tire pyrolysis in a
batch scale reactor was developed and tested.

This model is based on the microscopic studies of the py-
rolysis of a small unit cell in a bed of the tire particles, and
includes the following mechanisms: intra- and interparticle
heat transfers; tire enthalpy changes; pyrolysis reactions; and
thermal property changes during pyrolysis. The macroscopic
properties of the tire bed are modeled by considering the
pyrolysis behavior of all the unit cells. Theories previously
developed from both microscopic and macroscopic studies of
tire pyrolysis are incorporated in this model, including the
studies of thermal and kinetic behavior of tire pyrolysis in
tiny particles; the heat and mass transfer during the pyrolysis
of a single particle; and the heat and mass transfer in a packed
bed of particles.

The computational results of this model provide more pre-
cise and detailed data than those found in previous tire py-
rolysis studies, leading to an improved understanding of the
pyrolysis mechanisms for a bed of tire particles. These data
include the thermal and kinetic properties of every unit cell,
the rate of heat and pyrolysis propagation in the bed, and the
overall mass, energy, and pressure changes in the reactor.
Satisfactory accuracy of the computational results has been
demonstrated through a comparison with the experimental
data of Labrecque (1987).

Although this model was developed for a batch scale vac-
uum pyrolysis reactor, its fundamental equations, based on
the microscopic description of tire pyrolysis mechanisms,
should be directly applicable for the modeling of larger scale
used tire batch pyrolysis reactors.

Notation

A =area, m?
Cp, =specific heat of the solid phase, J-kg™!-K™!
h, =convection heat-transfer coefficient, W-m~2-K~!
m, =mass of gases and vapors in the reactor, kg
n =time index
Nu =Nusselt number
P, =mean pressure of gases and vapors in the reactor, N-m~?2
Pr =Prandtl number
g, =radiation heat flux, W-m ™2
r =radial coordinate, m
R =ideal gas constant, J-K~!-mol~!
X =thermal conductivity ratio (k,/k,)
Y =effective thermal conductivity ratio (k/k,)
z = axial coordinate, m
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Greek letters

a =ratio factor
a* =equivalent to ae,,
B =area factor
p, = density of the solid, kg-m™>
o =Stefan-Boltzmann constant, 5.67x 10 W-m—2-K~*
£ =space length in the direction normal to the particle surface,
m
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