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ABSTRACT

Purpose: The purpose of this investigation is to substantiate by means of numerical simulation
the expedience of high-temperature utilization of used tires with subsequent methanation of fuel
gases and separation of multicomponent hydrocarbon mixtures to drain the liquefied methane.

Design/methodology/approach: The investigation was carried out by means of numerical
simulation. In mathematical description of gas processes relations of thermodynamics and
heat and mass transfer were used. To determine the coefficients of thermal and physical
parameters of working bodies the Peng-Robinson equation of state was used through the
computer program REFPROP. The system of equations is represented as the interrelations
between the functional elements according to the principle "output from the element A —input
into the element B". Its solution was obtained by the method of successive approximations,
namely by the Newton-Raphson iteration method. Using this method we have determined
the values of temperature, pressure, mass flow rate and mass content of the hydrocarbon
gas mixture components in each reference cross-section of the power facility.

Findings: As a result of numerical simulation, it is determined that when the multicomponent
hydrocarbon mixtures are separated, three flows of energy resources may be obtained: with
a high mass content of methane of 91.5% and 83.4%, which may be used as motor fuel, and
a gas flow suitable for maintaining the process of waste gasification. However, to remove
heat in the condenser of the rectification column, it is necessary to use expensive liquid
nitrogen. The cost of methane production may be reduced if the condenser is removed from
the rectification column. However, such approach reduces the overall yield of commercial
products almost in four times and significantly reduces the methane with the third product
(molar percentage of 35%).

Research limitations/implications: The investigation was carried out for the material of
used tires without a metal frame.

Practical implications: The implementation of the technology of high-temperature recycling
of used tires gives the opportunity to use the generated synthetic gas to maintain the process
of utilization, and gives the opportunity to produce liquefied methane, suitable for storage.
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Originality/value: The main problem of high-temperature recycling of tires is the emission
of toxic gas to the atmosphere. It is proposed to allocate methane energy resource from this
gas. For the first time an attempt was made to justify the expedience of the technology of
high-temperature utilization of tires for liquefied methane production.
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1. Introduction

The important task is management of surrounding
environment in any sphere of human activity [1,2]. Increase
of the number of automobiles and other vehicles on the
roads of big industrial cities leads not only to the air
pollution [3-5], but also to accumulation of the dangerous
wastes — used tires [6]. Every year billions of tires are
either located at the solid wastes landfills, used as fillers or
burnt. Used tires storage at the wastes allocation landfills is
not allowed due to their toxicity. Combustion of tires
pollutes air with emission of carbon monoxide, sulphur
dioxide, nitrogen oxides, organic pollutants and
polyaromatic hydrocarbons. These gases favour appearance
of chronic diseases such as skin eruption, eye irritation and
breath problems. Due to increase of tires accumulation
amounts the number of landfills raises. It both worsens
sanitary condition of local settlements [7,8] and leads to
unreasonable materials usage. Necessity to implement
reliable and safe ways of waste utilization and
detoxification arises [9]. For example, biodiesel production
from wastes [10], creation of biocomposites filled with
wastes [11], reliable and durable materials [12] or
biodegradable materials [13].

Vegetable and food wastes may be utilized by
composting with special mineral additives [14,15], by
means of decomposition in biogas equipment installations
with subsequent thermal treatment of fermented residue in
pyrolysis furnace [16]. However, for automobile tires such
ways of utilization are technologically and economically
inexpedient. Thus necessity arises for mathematical
substantiation of the process of environmentally safe
utilization of used tires by means of high-temperature
treatment.

Combustion of wastes, and used tires in particular,
contradicts the principles of international legislation. The
precaution principle is set in multiple international
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regulations such as: the Convention for the Protection of
the Marine Environment of the North-East Atlantic
(OSPAR); the Convention on Long-Range Transboundary
Air Pollution (LRTAP); The Basel Convention on the
Control of Transboundary Movements of Hazardous
Wastes and Their Disposal; the Bamako Convention on the
Ban on the Import into Africa and the Control of
Transboundary Movement and Management of Hazardous
Wastes within Africa; the Stockholm Convention on
Persistent Organic Pollutants; The Rio Declaration on
Environment and Development. As the waste combustion
is the process followed with the emission of unknown by-
products, many of them bring harm to health of people.
Therefore, the precaution principle demands to avoid such
way of utilization. As it may be seen, the traditional waste
utilization processes has exhausted their environmental and
technological possibilities. Taking into account intensive
growth of wastes accumulation, we may conclude that
focus on them leads into deadlock. Increasing dynamics of
natural surrounding pollution brought the world community
to the fact that the safety system has to be directed not on
the source but on the protection of humans and their
surrounding environment. Such statement of a question is
determined with modern concept of sustainable
development. In such statement the environmental safety
provision has to be done by system methods taking into
account not only environmental and engineering factors but
also economic and social conditions.

Such concept leads to the search of technologies of the
used tires reuse as a fuel in modern processes of the
thermal transformation. Gaseous products mainly consist of
hydrogen, light hydrocarbons and carbon oxide. These
gases may generate power to resolve the problem of tires
accumulation [17]. For wastes utilization they often use
high-temperature methods providing full decomposition of
the waste materials into simple substances. The most
simple installations are based on wastes pyrolysis processes
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with subsequent usage of produced power or synthetic gas

for heat or electrical power generation. Efficiency of such

approach is investigated in work [18], but the problem of
the most high-calorie fuel raw materials is still topical.

Experimental investigations of the scientists have
shown that waste utilization plasma technology application
provides synthetic gas with calorie characteristics higher
than those at traditional technology usage [19]. In another
work [20] the scientists have obtained parameters of steam
gasification in demonstration reactor generating maximum
amount of synthetic gas. However the methane content in it
is insufficient to obtain fuel product satisfying
requirements of normative acts on automobile fuelling.
Therefore according to technology [21] it is proposed to
enrich synthetic gas with methane in methanation reactor.
Investigations in work [22] have shown advantages of such
approach, description of the processes in developed for
experimental investigations methanator is represented in
work [23]. After enrichment it is proposed to provide low-
temperature separation of the obtained multicomponent gas
mixture for drainage of liquefied methane, liquefied
methane-containing gas and fuel gas for heating, electrical
power generation and gasification process maintaining.

The aim of investigation is to substantiate by means of
numerical simulation the expedience of high-temperature
utilization of used automobile tires with following
methanation of outlet gases and separation of
multicomponent hydrocarbon mixtures for liquefied
methane release.

To reach this aim the following tasks were stated and
resolved:

e to make the analysis of modern ways and technologies
of dangerous wastes treatment and the determination of
the most perspective directions of it;

e with the numerical simulation to substantiate
opportunity of implementation of the low-temperature
separation of multicomponent hydrocarbon mixtures;

e to determine the opportunity of optimization of the low-
temperature separation of multicomponent hydrocarbon
mixtures.

o

Materials and methods
of investigations

The represented work is a part of scientific
investigation for creation of economically efficient
technological process of waste utilization. Origin of
investigation is given in works [22,24], where the basic
scheme of energy-technological facility for low-
temperature separation of the gas mixture with increased
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methane content is shown, technique of the complex

energy-technological schemes calculation is proposed,

initial parameters and assumptions are described:

1) value of recuperation lack in heat exchangers and the
flows temperature difference at the pinch-point
(minimal) AT i, =5 K;

2) surrounding environment temperature T, = 298 K.

3) isoentropic efficiency rate of the gas-expansion
machine nggy = 60%;

4) isoentropic efficiency rate of the pump np = 75%.

5) isoentropic efficiency rate of the compressor ¢ = 75%;

6) value of hydraulic losses in elements of the low-
temperature gas separation block is equal to zero;

7) heat exchange of functional elements of the scheme and
connecting pipelines with surrounding environment is
neglected.

For reliable calculation of low-temperature separation
unit the mathematical models were developed for such
functional elements: expansion turbine, recuperative heat
exchanger, air cooling heat exchanger, pump, compressor,
separator, rectification column. Additional elements (flow
separator and mixer) were included to provide opportunity
of complex schemes implementation.

Complexity of the processes taking place in
rectification column do not allow creation of both detailed
and relatively simple mathematical model for rectification
column calculation. Thus, we use black box model to
describe rectification column functioning. We set
multicomponent flow in the inlet of rectification column
with the known temperature Type v, pressure Pre v and

consumption Gy . With known composition of the flow

the set of subprograms designed for calculation of

coefficients of heat-physical characteristics of working

bodies allows to obtain mass and molar composition of
steam and liquid phases of the flow supplied in the inlet of
rectification column together with specific enthalpy of the
inlet multicomponent two-phase flow.

For mathematical model of rectification column we

have used following assumptions [25,26]:

o the value of hydraulic losses in rectification column is
taken to be equal to zero;

o the heat exchange between structural elements of
rectification column (plate section, reboiler and
condenser) is neglected;

e the pressure inside the column cube is taken to be
higher than the one inside the condenser;

e the value of the rectification column feed pressure is
taken to be in between of the values mentioned above;

e the adjustment of the component composition of the
products is made both by heat supply in reboiler and
heat removal in condenser.
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For rectification column we may write down the
following system of equations:

G =GL our +Gv ours
G 'im(PRC71N3 TRCJN): (1)
=GL our 'im(PLfoUTr TLfOUT)+

+Qgrs +Gv our 'im(PvioUT’ TVﬁOUT)_ Qconp

where G our, Gy our — consumption values in the
rectification column outlet for single-phase liquid and gas
products correspondingly; i, — specific enthalpy of

multicomponent mixture calculated for the given
composition by means of the set of subprograms designed
for calculation of heat-physical characteristics coefficients;
T, our> PL our — temperature and pressure values

correspondingly for liquid product in the reboiler outlet;
Ty our> Pv our — temperature and pressure values
correspondingly for gas product in the condenser outlet;
Qgrp — heat supplied for reboiler; Qqonp — heat removed

from condenser.
Composition of inlet and outlet products is connected
with following system of equations:

Gin- gIN 17 GLfOUT 8L our 1t GVﬁOUT ‘8v_ouT 1,
Gy BIN 2 T GLfOUT "8L_ouT 2 +GV70UT "8v_out_ 2>
Gy 8w 3=GL our 8L our 3+Gv our-8v our 3 (2)

Gy "8IN n T GLfOUT ‘8L our.nt Gv70UT *8v_OUT n>»

where g i, 8L our i 8v our i — mass fractions of the

i-th component in the rectification column inlet, reboiler
outlet and condenser outlet correspondingly.

Calculation of rectification column parameters is made
by the method of successive approximations [26,27].
Depending on required value of mass content of the
component the set of iterations is accomplished for given
values of pressure inside the reboiler and condenser by

means of the set of subprograms designed for calculation of
coefficients of heat-physical characteristics of working
bodies. Initial value of mass content of steam and liquid
phases is found using the column inlet parameters. Then for
each iteration the system of equations (2) is recalculated for
varying values of temperature inside the reboiler Ty oy

and condenser Ty oyr. Calculation process is completed

when the previously set mass content value is obtained for
certain component with the required accuracy. After that
they calculate the values of heat supply in reboiler Qgy,

heat removal from condenser and mass

Qconp »
consumption of liquid and gas phases.

Using the set of subprograms designed for calculation
of coefficients of heat-physical characteristics of working
bodies based on the Peng-Robinson equation of state [27-
29] we calculate mass composition of liquid and steam
phases:

8co 14> 8m, 14> 8cu, 14> 8N, 14 =

( ); (3)
=1, P139T13agc0713a 8, 13> 8cn, 13 8N, 13

Zco 15> 8n, 15> 8cH, 150 8N, 15 =

. 4
=1, (P13»T13 »8co 13> 8u, 13> cu, 13> gN2713)

Calculation of the gas mixture separation process in
rectification column of low-temperature separation with
reboiler and recondenser K-1 is made taking into account
following dependencies:

8o _18>8H,y 18> 8CH4 188N, 18 = «(5)

= f7(P177 Ti7.8co 17581, 17>8cHy 17-8N, 175 Prgs Tig

8COo 19-8Hy 19-8CHy 19:8Ny 19 = - (6)

= fs(P17: Ti7.8co 17-8H, 17>8CH4 17>8N, 175 P19, Tig
Tig = fo (Prg. 8Co 18- 8H, 18- 8CHy 18> gN2718); (7

Tyo =f10(Pro. 8Co 19>8H, 19> 8CHy 195 8Ny 719)§ (@)

Gig =11 (Pi7. Ty7. G17.8co 17> 8H, 17-8CH4 17-8N, 17> Pig, Tig); ©)
Gio = f12(P17. Ty7, G17.8co 17> 8H, 17-8CH4 17> 8N, 175 Plo, Tyo); (10)
P17 =Pyg;Pig = P9 —APRrc;G17 =G5 + Gy (11)
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To enrich synthetic gas with methane the process was
accomplished in presence of water steam and catalyser.
After special activation the open-hearth slag was used as
catalyser with 40 % efficiency. Reaction temperature is
equal to 300°C. In methanator outlet we have obtained the
gas mixture with following composition: CH, — 34.77%,

Table 1.
Percentage content of the gas mixture components
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H, — 1.44%, CO — 25.55%, N, — 5.11%, water steam —
33.13%. Next the drainage is made to remove water steam
from gas mixture (Table 1). Obtained multicomponent
hydrocarbon mixture has to be processed with low-
temperature separation to produce fuel raw materials
suitable for storage.

Gas mixture component Before methanation

After methanation After water steam removal

CH, 6.54% 34.77% 52.00%

H, 56.36% 1.44% 2.15%

CO 28.24% 25.55% 38.21%

N, 3.41% 5.11% 7.65%

CO, 5.45% 0.00% 0.00%
Water steam 0.00% 33.13%

Since the numerical simulation is the most efficient and
convenient way of analysis for complex processes in
multicomponent gas mixtures, in represented investigation
we have accomplished numerical experiment. For this
purpose, we have used classical approach and generally
accepted thermodynamics relations including the Peng-
Robinson equation of state for description of coefficients of
heat-physical ~ characteristics of  working  bodies.
Complexity of calculation of multicomponent systems
(with three and more components) does not allow
application of the state diagrams. So at simulation we have
used the REFPROP program as a tool for calculation of
heat-physical characteristics coefficients. To solve the
system of non-linear equations the Newton-Raphson
iteration method was used.

3. Results of investigation
and their discussion

To close the system of equations for each functional
element of energy-technological facility we need to set
values for following parameters:

e pressure P, temperature T}, consumption G; and mass
content of gas mixture components in the separation
facility inlet;

e surrounding temperature Toc;

e pressure of the products 1, 2 and 3 P, Py; and Pag
correspondingly;

e pressure in rectification column of low-temperature
separation of gas mixture P;;, pressure drop in
rectification column APrc= Pi9— Pj5, and mass content
rate of methane in the steam phase flow drained from
the recondenser of rectification column;

Substantiation of expedience of application of high-temperature utilization of used tires for liquefied methane production

e value of heat recuperation lack AT in heat-exchange
devices.

By means of numerical simulation we have
accomplished the analysis of functioning of energy-
technological facility of separation of multicomponent
hydrocarbon mixtures with the subsequent optimization of
its parameters in order to improve its efficiency and decrease
energy costs for waste gasification. According to results of
calculations (see Tab. 2) three flows of energy resources may
be obtained at separation of multicomponent hydrocarbon
mixtures. The flows with high mass content of methane —
91.5% (cross-section 28, Tab. 2) and 83.4% (cross-section
27, Tab. 2) — are compressed products and may be used as
motor fuel (analogue of compressed automobile natural gas).
The gaseous flow (section 26, Tab. 2) is suitable for
maintaining of wastes gasification process.

It is obvious that proposed scheme of the low-tempe-
rature separation of multicomponent hydrocarbon mixtures
satisfies conditions of the task and shows opportunity of its
implementation. This scheme may be used as the basic one.
Yet the more efficient alternative may be found.

For example, in the condenser of rectification column
K-1 we suppose to use the refrigerant with the temperature
less than —182°C allowing to remove heat power of 2.836
kWt. Liquid nitrogen meets requirements on temperature
level. At normal conditions the value of hidden evaporation
heat is equal to W =197.6 kJ/(kgeK), then refrigerant
consumption is equal to 51.7 kg/h. We may exclude liquid
nitrogen usage and decrease costs value if condenser is not
included in the composition of the column. However, in
such case, as it may be proven with the numerical
simulation results (see Tab. 3), there will be no opportunity
to separate the whole amount of methane from the “top”
flow. The scheme of such alternative of the low-tempe-
rature gas separation facility is shown at the Figure 1.
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Table 2.
Mass concentrations of hydrocarbon gas mixture components in reference sections™*
No. of cross- Pressure, Temperature, ~Consumption, Mass concentration of product
section MPa °C kg/hour CH, H, CO N,
1 0.1 30 60.0 0.3756 0.0196 0.4287 0.1761
2 0.1 30 54.0 0.3756 0.0196 0.4287 0.1761
26 0.115 11.00 35.04 0.0023 0.0335 0.6782 0.2860
27 22.0 17.16 4.79 0.8348 0 0.1228 0.0424
28 22.0 -3.17 20.17 0.9153 0 0.0679 0.0168

*Due to limited amount of the article, we have shown parameters of energy-technological facility and mass content of
product only for starting and finishing cross-sections.

Table 3.
Mass concentrations of hydrocarbon gas mixture components in reference sections for the scheme without recondenser*

No. of cross- Pressure, Temperature, Consumption, Mass concentration of product
section MPa °C kg/h CH, H, CcO N,
1 0.1 30 67.8 0.3756 0.0196 0.4287 0.1761
2 0.1 30 64.41 0.3756 0.0196 0.4287 0.1761
26 0.115 23 59.8 0.3030 0.0222 0.4780 0.1968
27 22.0 20 4.09 0.8398 0 0.1190 0.0412
28 22.0 20 3.912 0.9998 0 0.0002 0

*Due to limited amount of the article, we have shown parameters of energy-technological facility and mass content of
product only for starting and finishing cross-sections.

BOK-1

it |

@

K-1

TO-2

20

Fig. 1. The scheme of the low-temperature gas separation installation with rectification column without condenser

Amount of products obtained by the facility is equal
to 5.242 kg/h of the product 1 with methane content of
99.98% and 54.76 kg/h of the product 2 with low content
of methane. At implementation of the scheme shown at
Figure 1 we have insignificant yield of pure methane in
compressed shape.
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It is also possible to provide raise of pure methane
yield by means of increasing of pressure of mixture
compression in compressor KO-1. However such
improvement leads to organizational problems connected
with the safety of objects functioning under high
pressure.
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4. Conclusions

1. We have identified that waste pyrolysis with production
of power or synthetic gas is the most suitable for heat
and electrical energy generation. Using the method of
step-by-step approximation (the Newton-Raphson
iteration method) in each reference cross-section of
energy-technological facility we have determined
values of temperature, pressure, mass consumption of
the flow and mass concentrations of hydrocarbon gas
mixture components.

2. The results of numerical simulations have shown that
implementation of the facility of low-temperature
separation of multicomponent hydrocarbon mixtures
provides formation of flows of energy resources. The
flows with high mass content of methane — 91.5% (cross-
section 28, Tab. 2) and 83.4% (cross-section 27, Tab. 2)
— are compressed products and may be used as motor
fuel. The gaseous flow (section 26, Tab. 2) is fuel gas
suitable for maintaining of used tires gasification process.

3. Renunciation to use refluxer (condenser) in rectification
column decreases total marketable products yield
almost in four times and methane loss with product 3
(molar percentage of 35%).
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