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cosmecmmo ¢ 6opMoBbLIMU KOTLUAMU, UeTble OMmPa-
Oomannvle AMOWUNBL, MENTOBOE CONPOMUBTIEHUE
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1. Introduction

The main feature of the universal automated technology
of continuous whole waste tire pyrolysis (W TP) is that tires
are condensed in the course of pyrolysis to improve thermal
conductivity. According to previous studies of the pyrolysis
reactor design features [1], the overall thermal conductivity
of the mass of tires in the reactor increases by 70 times due
to compression of whole tires in the reactor and high thermal
conductivity of metal bead rings, providing high-rate heat
transfer in the pyrolysis reactor and effective endothermic
chemical transformations, which increases the process effi-
ciency by 2—3 times.

The relevance of the present work lies in the theoretical
study of the rational arrangement of the mass of tires in the
reactor and the study of temperature fields with different
combinations of the tire components in the reactor, as well
as assessment of their impact on the overall thermal conduc-
tivity of the condensed mass of whole waste tires under load
and temperature.

2. Literature review and the problem statement

Known tire rubber recycling technologies are labor-in-
tensive and energy-consuming, because involve, first, cut-
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ting of tires using expensive equipment [2], or shredding
by specific complex methods [3], or the use of power-in-
tensive processes [4]. Second, the use of interchangeable
retorts leads to the need to work in a cyclic mode with
large heat loss, heating — cooling [5], which involves the
manual labor when unloading and loading of the reactor
[6] or the use of expensive catalysts [7]. Thirdly, the co-
efficient of the reactor filling with tires does not exceed
60 % at a low thermal conductivity of the mass rubber in
the retort, accompanied by low performance of technolog-
ical equipment [8].

Heat transfer greatly depends on the proportion of rub-
ber and air components that have low thermal conductivity
per unit volume of the reactor, and the proportion of metal
bead rings with a relatively high thermal conductivity [9].
Therefore, the overall thermal conductivity of tires in a ra-
dial plane at different stages of pyrolysis will be determined
by the thermal conductivity of the proposed model of the
composite cell with average parameters.

Known designs and pyrolysis technologies for tire recy-
cling do not provide highly efficient feed material heating in
the reactor [10, 11].

The low thermal conductivity of tire rubber causes high
energy costs, which increases the cost of recycling and limits
the introduction of pyrolysis technologies on an industrial
scale [12].




3. Research goals and objectives

The goal of the research is theoretical calculations of
the total thermal conductivity of anisotropic structures of
binary cells that consist of rubber of whole tires and metal
bead rings, depending on their volume concentration and of
geometric arrangement for the maximum thermal conduc-
tivity of the mass of whole tires of different diameters with
respect to each other.

To achieve this goal, the following tasks were identified:

— selection of rational anisotropic structures of binary
cells that are the closest to realistic conditions of evaluating
the thermal conductivity of the mass of whole tires in the
pyrolysis reactor;

— development of the methods of theoretical calculations
of thermal conductivity of different structures of binary cells
and determination of their impact on the thermal conductiv-
ity of the environment;

— theoretical assessment of the impact of increased
thermal conductivity of metal bead rings on the total ther-
mal conductivity of the mass of whole tires in the pyrolysis
reactor;

— determination of the optimum geometric arrangement
of whole tires relative to the pyrolysis reactor.

4. Materials and methods of the study of thermal
conductivity in the reactor

The total thermal conductivity of the mass of tires in the
reactor zones can be expressed as:
du .
c(u,r,t)azdlv[k(u,r,t)gradu]+q(u,r,t), )
where u — temperature, p — specific volumetric heat capacity,
A — thermal conductivity, q — density of the heat source of
external heating of the reactor, r, t — coordinates.

As the internal heat source is absent in the reactor, the
equation can be written as:

c'(T)(% = div[A(T)grad(T)]. 2)

Given that the known reactor designs mostly represent
the body of rotation, it is advisable to use a cylindrical coor-
dinate system for theoretical studies.

Since tires with the reactor represent the body of rota-
tion, it is advisable to use a cylindrical coordinate system.
However, a spherical coordinate system shall be used in or-
der to improve the solution accuracy for the first and second
zones [13].

The heat equation for heating zones in the spherical coor-
dinate system is as follows:

dt 1 d 1
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The heat equation for condensed mass of the tire compo-
nents in the ITI zone of destruction can be presented in the
cylindrical coordinate system:

cmeE=t Lameh+Lam, 4)

where 1, z — cylindrical coordinates; r, 8 — spherical coor-
dinates; T — temperature; T — time, c=pc — volumetric heat

capacity; p — density of the mixture of the tire components
in the third zone; ¢ — mass heat capacity [14].

Any multicomponent system can be gradually reduced
to a two-component under appropriate boundary conditions
to simplify the calculations of thermal conductivity at the
margin of error. When choosing the model, the following as-
sumptions and limitations are accepted: the rubber material
is thermoplastic and has a homogeneous structure, a steel
cord is neglected, the material of bead rings — a homoge-
neous metal, is in the plane perpendicular to the heat flow.
The symmetrical model of the tire and its location in the
pyrolysis reactor on the basis of the assumptions is a set of
individual components that make up tires and their ratio per
unit volume at each stage of pyrolysis (Fig. 1, 2).
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Fig. 1. The composite cell of the tire in the first and second
reactor zones: 1 — rubber element; 2 — metal element
(bead rings); 3 — air or flue gas element; Ry—R4 — thermal
resistance of rubber and metal bead rings in the regions
under study
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Fig. 2. The composite cell of the tire layer in the third reactor
zone: 1 — rubber element; 2 — metal element (bead rings);
3 — air or flue gas element

The basis of the unit cell is isothermal compression
characterized by the volume change at a constant tem-
perature and thermoplastic rubber melting at a constant
pressure.

The unit cell with heat resistance equal to 1/2 of the
composite cell with heat transfer in the perpendicular plane
is considered since the composite cell of the whole tire is
symmetrical about the axis. Let us consider heat transfer in
the unit cell of the tire layer based on thermal resistance on
specific regions of the tire model (Fig. 3, 4).



Fig. 3. The connection diagram of thermal resistance in the
unit cell of each layer of the half the tire in the first and
second reactor zones: Ry — thermal resistance of rubber;
R, and R3 — thermal resistance of metal bead rings;

R4 — thermal resistance of air or flue gas

Fig. 4. The connection diagram of thermal resistance in the
unit cell of each layer of the condensed half of the tire in the
third reactor zone: Ry — thermal resistance of thermoplastic

rubber; Ry — thermal resistance of thermoplastic rubber in
the bead ring center; R3 and R4 — thermal resistance of metal

bead rings

The total resistance of the unit cell according to Fig. 3
and 4 is determined as follows:

R:R1+i+i+i. (5)
R2 R3 R4

The formula R is the same for both diagrams, there is a
flue gas component (Ry4) in the diagram (Fig. 3), which is
further expelled by thermoplastic rubber (R,) in the dia-
gram (Fig. 4).

In describing the heat transfer process in the multicompo-
nent model, it is necessary to establish the dependency of the
effective coefficient of generalized thermal conductivity q on
the cell structure, the coefficients of generalized thermal con-
ductivity of components g; and their concentrations m;, then:

0=1(6,,0,,..6,,m,,m,,..m.). (6)

The theoretical study of the heat transfer process is
performed on an idealized model of the structure, which
reflects the basic geometric characteristics of the real tire
cell regarding all significant factors that determine the heat
transfer process. Such a model can be considered adequate to
the real system [14].

5. The results of studies of thermal conductivity of the
mass of the material of whole waste tires

The study of three options of the unit cell of the sys-
tem of the tire components in the reactor and comparison

of the estimated thermal conductivity values with ex-
perimental data were performed. Each option differs in
boundary conditions that characterize the composition
and structure of the cell, provided full thermoplastic de-
formation of the tire under load and temperature and in
the absence of air.

First, the option of the symmetrical cell structure, which
is equivalent to the mass of shredded tires with removed
bead rings is investigated. The heat flow is distributed only
in the radial direction in the volume of a homogeneous mate-
rial (rubber) in the coordinate system (x, y) (Fig. 5).

In the first option, symmetrical structure of the cell is
homogeneous thermoplastic rubber; the influence of metal
bead rings on the temperature field of the cell is neglected;
the heat flow is distributed only in the radial direction.

The unit cell of the system of the tire, filled with a homo-
geneous material (rubber) along the reactor diameter in the
coordinate system (x, y) is considered (Fig. 5).
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Fig. 5. The unit cell of the tire filled with homogeneous
material

The lines of heat transfer on the surface x=1/2d in
the unit cell are isothermal, and in y=h — adiabatic. The
temperatures on surfaces are denoted by x=0 and x=1/2d
through t(x,0)=t¢, t(x,h)=t? and the heat flow that passes
through an isothermal surface of the unit cell as Q. Since
the surface x=0 is isothermal, its temperatures t; and ty are
equal, then:

t|x=0=t,|x=0=t". @)

The thermal resistance R of the unit cell is defined as:

&

t'—t" o2 x=3d

Q Q

If we introduce the concept of effective thermal con-
ductivity A of the unit cell, its heat resistance is found
provided that x=0 and x=1/2d equal to 1-1/2d, and the
cell height h:

®

31
R=-2 =, )
L 2
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When combining the two formulas, the following is de-
rived for R:

e (10)

|t1 x:oltz x:%d




The temperature field of the cell system shall be analyzed
to determine the effective thermal conductivity.

1/2 of the cell is divided into three parts 0<x<h,
0<y<h is denoted by t, the temperature of the region
h<x<1/2d, 0<y<h - by ty, the temperature of the region
0<x<1/2d, h<y<1/2d — by t,”.

The temperature field of the above regions is described
by differential equations:

%t *t
2z

0 2=0, 0sx<h, 0<ys<h; (11)
240 240
I I o hexsld, osysh; 12)
ox”~  dy 2
200 a2
94" I g<xsid hsys<id (13)
ox dy 2 2
With the boundary conditions:
— adiabaticity of the surfaces y=0 and y=1,/2d
(—2| =0)= ( L |y=0>=0; (14)
at,’ 1 at," 1
ayy2)(ay‘y2) 15)
— isothermality of the surface x=0
tfoh=t] _ =t (16)

The conditions of equality of temperatures and heat
flows at the boundaries between the regions are as
follows:

t2|x=h= 4 '|x=h ;tz\x:h =t op>
at
2|y b=, 2 Iy h), a7
at , (18)
t '|y h_tluy:h’
(%h;:h):(x at”|x h. (19)
X

When solving the system of equations with the condi-
tions at the boundaries, the temperature field ti(x,y) and
ta(x,y) and the heat flow were determined:

540t 1
Q=1 a;‘w =5 ddx. (20)

Knowing the expression ti(x,y) and Q, the analytical
value for the total thermal conductivity of the unit cell can
be found by the formula:

21

The formula of thermal conductivity of the unit cell
allows an overall assessment of thermal conductivity of the
mass of condensed rubber in the pyrolysis reactor without
metallic elements present in the tire structure.

The estimated dependence of thermal conductivity of the
unit cell filled with thermoplastic rubber under various tem-
perature differences in the adopted cell for the first option is
shown in Fig. 6.
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Fig. 6. The estimated dependence of thermal conductivity of
the unit cell

Fig. 6 shows that the thermal conductivity of monocom-
ponent thermoplastic rubber does not exceed 1.5 W/(mn-K)
and varies little under the temperature difference in the
parallel plane of the heat flow. The resulting estimated
characteristic of thermal conductivity with an error of
no more than 50 % can be used for the analysis of binary
systems with a wide range of initial thermal conductivity
of components that are characteristic of condensed tires,
which does not allow a real assessment of the temperature
field in the reactor. Since the gas cavity is an intermediate
element, the two-component structure of the tire is taken
as the basis when analyzing the relationship between the
geometric parameters of the structure and concentration of
components (Fig. 5, 6).

The second option considers the symmetric binary struc-
ture of two-component cell (thermoplastic rubber with bead
rings). It is conventionally assumed that the bead ring inter-
section is square. The composite cell is represented as a cube,
the upper and lower cube faces are isothermal surfaces, and
lateral faces — adiabatic (Fig. 7).
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Fig. 7. The element of the composite binary cell:
1 — half of the metal bead ring; 2 — composite cell



For modeling, the following notations are introduced: & —
half of the width of the tire bead ring; V, Vi, iV, — volumes of
the unit cell and its components (bead ring and thermoplas-
tic rubber); L — cube edge length; C=3/L — relative size of
the bead ring [16]. The relationship between the parameter
C, which characterizes the geometric parameters of the bead
ring and rubber volume is determined as follows:

V, vV, V-V,

m1:71; m2:72: v 1:1—II11; V=V1+V2, (22)
V? -[8%+38%(L-8)] =28 - §"L+ 12, (23)
m, =2C*-3C* +1. (24)

When introducing a new variable y=C—1/2, the equation
my has the form of:

1-2m, 1
s Ty

y?+3py=2q=0, q= (25)

The number of real solutions of the equation depends on
the sign of discriminant D of square trinomial ax*+bx+c,
equal to b*4ac.

1-2m

. . 1.
D=q*+p’= (TQ)2 - (Z)‘s =

m,(m, —1)

<0. 26
T (26)

For D>0, the equation has three real roots:

v, :—cosg; L =cos(600 —g); Ys3 —COS(GOO‘FgJy 27)

where 0<m»<0.5, ¢=arccos (1-2m»), and 0.5<m,<1, ¢=
=arccos (2my—1).

The relative size of the bead ring C=8/L in the adopted
model varies in the range of 0<C<1, a and y; are related by
the relationship y=C—1/2.

The analysis y; shows that the second root leads to the
value of C,that is either greater than unity or negative.
The first root y; provides physically justified results for Cy
throughout the range of changes 0<m»<1, if the angle ¢ is
taken from the last quarter 270°<p<360°. Similar results
are obtained when using the third root ys, if the value ¢
is taken in the first quarter 0°<@<90°. Further calcula-
tion of the parameter C uses the first root of the equa-
tion (24), then:

C:Q5+AamgQWYS¢S36W, (28)

where 0<m<0,5 A=-1, ¢=arccos(1-2mj), and 0.5<my<1,
A=1, p=arccos (2my—1).

The analysis of the heat transfer process in the two-com-
ponent composite cell element is based on the previously
described relationship between the geometric parameters
of the structure and concentration of the components in it.
The planes 11" and 2-2" are adiabatic, which are parallel
to the general direction of the heat flow and lateral faces
of the cell, dividing the latter into individual sections 1-4
(Fig. 7).

Thermal resistance of individual sections of the unit cell
R¢is shown in the formulas for a flat wall (Fig. 8):

L 3
R, = Ry=———,
! 2AS(L-d)

(29)

_L-38 L
CAS(L-8) 7 A, (L-8)*

?

Rs Rs

Rl ] [ J*

R, (30)

Fig. 8. The connection diagram of thermal resistance in the
element of the part of the composite cell

The total equivalent thermal resistance of the composite
cell (R) in this case can be represented as follows:

11, 2
R R, R,+R,

1
P (31)
R,
Thus, the total thermal resistance with the effective
thermal conductivity A is represented as:

R:%:i, where D:h. (32)
AL® AL A

Equating (31) and (32) considering (30), the formula of
effective thermal conductivity of the tire cell structure with
a combination of the two components of thermoplastic rub-
ber with thermal conductivity A; and metal bead rings with
thermal conductivity A, can be derived:

=2, [C”+0(1-C)* +20C(1-C)’(vC+1-C) '], (33)

The dependence reflects the impact of thermal con-
ductivity of each component on its concentration per unit
volume on the total thermal conductivity of the unit cell

(Fig. 9).
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Fig. 9. The estimated dependence of the refined thermal
conductivity of the binary unit cell (option 2)

Given that the initial thermal conductivity of rubber
A=0.13 W/(m-K) and metal 1,=58 W/(m-K), the total ther-



mal conductivity of the mass of tires in the reactor does not
exceed 0.18 W/(m-K).

The analysis of the results of theoretical calculations, op-
tions 1, 2, shows that the thermal conductivity in the reactor
at a symmetric arrangement of tires and their components
relative to the cylindrical reactor is low and does not exceed
0.18 W/(m-K), which is not the best option.

Let us consider the third option, when the reactor diam-
eter is greater than the diameter of the tires that are loaded
in it by at least 1.5 times, while the tires with bead rings are
displaced relative to each other, leading to an asymmetric
arrangement of metal bead rings in the form of volume metal
lattice.
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Fig. 10. The physical model of dynamic compression of tires
in the pyrolysis reactor at asymmetric arrangement of tires
relative to the cylindrical reactor axis

The asymmetric horizontal arrangement of bead rings
with a high thermal conductivity and displacement in the
reactor cross-section relative to each other provides bridging
of relatively low thermal conductivity of rubber.

In the third option, theoretical research was conducted
in more realistic conditions of the arrangement of the con-
densed mass of tires relative to the reactor and specification
of estimation of the overall thermal conductivity of an
isotropic asymmetrical structure of the unit cell with com-
ponents of rubber and bead rings was performed (Fig. 11).

Fig. 11. The element of modeling of the pyrolysis reactor with
a volume lattice formed by bead rings and steel cord of tires
under static load

The volume of the element is characterized by the coeffi-
cient of filling of the pyrolysis reactor with metal inclusions
of up to 98 % (bead rings and steel cord of tires) and rubber.

The asymmetrical structure of the binary cell consisting
of thermoplastic rubber and two bead rings is considered.

The components of the overall structure are anisotropic
and have different properties; in the asymmetric anisotropic
structure of components — round-shaped bead rings.

The oriented arrangement system of the asymmetric
unit cell components is singled out from the physical model
(Fig. 10, 11) and 1/8 of it is presented (Fig. 12, 13). Further
analysis is based on the unit cell division by infinitely thin
adiabatic vertical (parallel to heat flow) planes a, b, ¢, d, e
into the characteristic regions 1, 2, 3. In those regions, the
thermal resistances are denoted by Ry, Rg, R3. The values
of these resistances are calculated by the formulas for
flat walls:

R,= Ly , 2=LX_IX,R3: 1x ,
7‘1(LYLZ _lylz) >\‘1LYLZ kzlylz

(34)

where Ly, Ly, L, I, 1y, 1, — corresponding dimensions of the
cell of thermoplastic rubber and bead ring respectively; A
and A, — coefficients of thermal conductivity of thermoplas-
tic rubber and metal bead ring respectively.
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Fig. 12. Anisotropic structure of the binary unit cell with
components of metal bead ring and rubber
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Fig. 13. The connection diagram of thermal resistance

According to Fig. 13, the total resistance (R) is calculat-
ed by the formula:

RR
R, =R,+R, R=—t2_ 35
w=Ro R, R=pt (35)
From the formulas (35) and (36), we find Ros:
R,, I R (Ot M) (36)

LA,

and define the formula for the thermal resistance R for the
entire cell



37

Due to the change in the concentration of components in
the tire unit volume, the concept of concentration factors ky,
ky k, in the directions is introduced:

| 1 |
ky="% k, = k,=-% 38
X LX ’ X Ly ) X LZ ( )
further, it is assumed that ky k,=S, then:
P L Gl 0) N ) (39)
A,L.L,S A,
Using (35), (36) and (39), we found:
vS
,=1-S+—————, 40
M Tk v(i—ky) “0)

The relationship between the parameters S, k, and vol-
ume concentration mo is determined as follows:

m,

m, =%= kykyk, =k,S, then S " (1)

if S<1, then k,>m5.
Given (41), the formula (40) is as follows:
A, m, vm,
T T [k v(— k)] “2)

The equation (43) satisfies the following passages to the
limit:

1. In the absence of bead rings ky=0, then A=\ thermal
conductivity of thermoplastic rubber (option 1).

2.1In the case where the concentration factor of the
component of bead rings ky=1, my=1 and the total thermal
conductivity will correspond to the component of bead rings
A=Xa.

3. With the same thermal conductivity of the two com-
ponents v=1, A=k{=M,.

4. When S=1, bead rings can be seen as solid plates, par-
allel to the heat flow, if ky=1, bead rings in the cross section
form rectangles perpendicular to the heat flow. In this case,
the formula (42) will show the largest or the smallest ther-
mal conductivity effect of the two-component condensed
mass of tires:

7\’2 .

A=l
vm, +(1-m,)

A=R,(1-m,)+A,m,. (43)

5.1f ky=ky=k,=k, then k=m,"/3, the components take
the form of a cube, and the formula (42) takes the follow-
ing form:
2 1
A v=(v=D(d-m})m}
A :

v-m3i(v-1)

: (44)

The presented formula of thermal conductivity of the
anisotropic structure of the unit binary cell with compo-
nents of the metal bead ring and rubber allows determining
the thermal conductivity of the mass, the structure of which

is the most realistic, in the process of pyrolysis of whole tires,
combined with the effect of static load on them.

6. Discussion of the results of research of thermal
conductivity in the reactor

Calculations of the total thermal conductivity of the
condensed two-component mass of tires in the reactor by
the developed method found no restrictions on the length
and thickness of the layer of binding thermoplastic rubber,
surrounding the bead ring.

Fig. 14 shows the characteristics of the change in the
total thermal conductivity of the binary cell depending
on the concentration of thermoplastic rubber and steel of
bead rings.
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Fig. 14. The refined theoretical calculation of the total
thermal conductivity of the anisotropic asymmetrical
structure of the binary cell depending on the volume

concentration of components (option 3)

According to the curve in Fig. 14, the total thermal
conductivity of the mass of tires gradually increases under
the influence of temperature and static load (right to left),
respectively, from the time of loading, the gas (air) volume
decreases due to compression of tires and the concentration
of metal bead rings and rubber rises. The increase in the ther-
mal conductivity of the mass of tires occurs exponentially
until the bead rings touch each other and the thermal contact
between them is formed. Then, until unloading, the region of
the curve takes a horizontal position and thermal conductivi-
ty does not increase regardless of the temperature and rate of
compression. The increase in the total thermal conductivity
is due to the increase in the concentration of steel of bead
rings. The calculation error does not exceed 3 %.

7. Conclusions

1. The theoretical study of the total thermal conductivity
of three selected anisotropic structures of binary cells proved
that the third option with the asymmetric arrangement of
whole tires in the pyrolysis reactor is the closest to realistic
conditions. Thus, the increased thermal conductivity of
metal bead rings, which under compression are in thermal
contact with each other, forming a three-dimensional struc-
ture in rubber provides the maximum thermal conductivity
of the mass of whole tires in the reactor.



2. The developed method of calculating the thermal con-
ductivity of different structures of binary cells of the mass of
whole tires in the pyrolysis reactor under simultaneous static
compression and heating to a rubber pyrolysis temperature
provides optimization of the total thermal conductivity of
the mass of tires in the reactor due to the introduction of the
value of thermal conductivity of metal bead rings.

3. The theoretical study of the effect of increased thermal
conductivity of metal bead rings on the total thermal con-
ductivity of the mass of whole tires in the pyrolysis reactor
confirmed the increase in the values from 1.8 W/(in-K) to
12.7 W/(m-K).

4. When modeling the volume lattice, formed by bead
rings and steel cord of tires under static loads, the optimum
geometric arrangement of whole tires relative to the pyrol-
ysis reactor, where the reactor diameter is greater than the
tire diameter by at least 1.5 times was determined. The tires
with bead rings are displaced relative to each other in the
horizontal plane.

5. The resulting values of thermal conductivity of the
mass of whole tires in the pyrolysis reactor at the optimum
arrangement of raw materials and coefficient of filling about
98 % allow optimizing the structural characteristics of the
pyrolysis equipment.
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