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DEVELOPMENT OF A MODEL OF PROCESSES
FOR THE THER-MAL PROCESSING OF ORGANIC
MATTERS OF VARIABLE COMPOSITION

0.1 bpynemxin, M.M. Makxcumos. Po3podka mMoieii mpoueciB TepMiuHOI MepepodKH OPraHiYHHX pe4OBUH 3MIHHOIO CKJany.
Mertoto € po3poOka €IMHOI MOJENI Pi3HUX INPOILECIB TEPMiYHOI INepepOoOKH OPraHiYHMX PEYOBHH. BpaxoBaHO MOXIIMBICTH BH3HAUCHHS
CKJIaly PEUOBHH B IIPOIECi iX mepepoOKH B pexuMi peansHOro dacy. Ilependauena MOXKIHMBICTS 00Ky pi3HOro (a30BOro CTaHy BHXiTHOI
cHpOBHHH. Mozeinb OyayeTbest Ha OCHOBI METOAY PO3paxyHKy MPOLECIB OPIiHHS MaliBa B PIIMHHUX PaKETHHX IBUTYHAaX. Y BHKOHAHHX
paHile poboTax MPOBEJCHO MOPIBHAHHSA OTPHMMAHUX Ha il OCHOBI Pe3yJIbTaTiB PO3PAXYHKIB 3 HASBHUMH JAHHMH JUIS BUNAJKY CTATIOBAHHS
B TIOBITpi MeTaHy i CTWJIOBOrO CIHPTy. 3ampOIOHOBAHA MOJENb BiIPI3HAECTBCS MOXIIMBICTIO OONIKYy B CKJIadi NMPORYKTiB peakiii B
KOH/ICHCOBaHOI (a3i y BHIIISAI BYIIMCTOrO 3aiuiiky. Moro HasiBHICTH CyNPOBOMXKYE MpOLECy mipomi3y. BHKOHAHO pO3paxyHOK CKiagy
HPOJYKTIB TIPOIECy MOBIIBHOrO Mipoli3y JAepeBHHU cocHU. IIpoBelieHO MOpPIBHAHHS OTPUMAHUX PE3yNbTaTiB 3 HAABHUMU NaHUMH. [ls
BU3HAYCHHS HEBIZOMOTO CKJIAy BHXIJHOI CHPOBMHH BHKOPHCTOBYETHCS PO3pOOJICHA paHile MOAEIb IS BHIAIKY ra3o0momiOHOro ioro
yaBiIeHHS. B pesynbrati Bu3HauaeThest OpyTTo-(popMyma rasomomiOHoro mamuBa. OCOONHBICTIO JaHOTO IPOLECY € HEOOXiTHICTH
3a0e3NeueHHs 130eHTalbHiHHOCTI mpouecy ropinHi. Taka ymoBa Moxe OyTH 3a0e3leueHO B KaMepi 3rOpsIHHSA DPaKeTHOrO THUITY 3
pEreHepaTHBHUM OXOJIOUKCHHSM. Bif3HaueHO, 110 OTpHMaHI TAKUM YHHOM PEe3YJIbTaTH MOXKYTh OYTH PO3IIMPEHI Ha BUMAJOK Pi3HUX BUIB
TOPIOYHX PEYOBHH B KOHJCHCOBAHOMY CTaHi. Po3po0ieHa Moienb TepMIUYHOTo MEepeTBOPEHHS 1 Ha T OCHOBI croCi0 BH3HAYEHHS HEBIZJOMOTO
CKJIamy rerepodasHUX OpPraHiYHHX FOPIOYMX PEYOBHH MOXeE OyTH BUKOPUCTAHHH MPH MepepoOLi Pi3HUX albTEpHATHBHUX BHAIB TOPIOYHX,
BUPOOHHYMX 1 MOOYTOBHX BiIXO/iB. BU3HauCHHS B PEKHMI PEALHOTO 4acy X 3MIHHOTO CKJIaJy MOXE JO3BOJHMTH OpTraHi3alil0 KepOBaHOTO
nporecy ix cramoBaHHA. B pesynbraTi BUKOHAaHO! po0oTH: oOpaHa i ajanToBaHA €IMHA MOAECIb [UIS BHPIIICHHS 3aBIaHb CIATIOBAHHS,
rasudikanii Ta MOBIUIFHOrO MIPOJIi3y IPH BiZOMOMY CKJIaJi BUXIJHHX BYIJICBOAHEBHX PCUOBHMH; HaBEJCHI pe3ylabTaTH PO3PaxyHKIB Ha ii
OCHOBI; 3aIPONMOHOBAHMII METOJ BH3HAYCHHS B PEXHMI PCAIBHOrO 4acy CKJIady BYITIEBOJHEBOI CKJIAZOBOI TOPIOYHX PEYOBHMH B PI3HHX
arperaTHNX CTaHax.
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O. Brunetkin, M. Maksymov. Development of a model of processes for the thermal processing of organic substances of variable
composition. The aim is development of a single model of various processes for the thermal processing of organic substances. The
possibility of determining the composition of substances in the process of their processing in real time is taken into account. It is possible to
take into account the different phase state of the feedstock. The model is based on the method of calculating the processes of fuel combustion
in liquid rocket engines. In the earlier studies, a comparison was made of the results of calculations based on it with the available data for the
case of methane and ethyl alcohol burning in air. The proposed model is distinguished by the possibility of taking into account the
composition of the reaction products in the condensed phase in the form of a carbonaceous residue. Its presence accompanies the pyrolysis
process. The composition of the products of the process of slow pyrolysis of pine wood is calculated. The results are compared with the
available data. To determine the unknown composition of the feedstock, the previously developed model for the case of gaseous presentation
is used. As a result, the gross formula of the gaseous fuel is determined. The peculiarity of the process under consideration is the need to
ensure isoenthalpy of the combustion process. Such a condition can be provided in a rocket type combustion chamber with regenerative
cooling. It is noted that the results obtained in this way can be extended to the case of various types of combustible substances in a condensed
state. The developed model of thermal conversion and, on its basis, a method for determining the unknown composition of heterophasic
organic combustible substances can be used in the processing of various alternative types of combustible, industrial, and household waste.
The real-time determination of their variable composition may allow the organization of a controlled process of burning them. As a result of
the work: a single model is selected and adapted to solve the problems of combustion, gasification and slow pyrolysis with a known
composition of the initial hydrocarbon substances; results of calculations based on it are given; A method for determining the real-time
composition of the hydrocarbon component of combustible substances in various states of aggregation is proposed.

Keywords: organic raw materials, thermal conversion, composition determination

Introduction

One of the cornerstones in ensuring the efficient operation of jet engines, gas turbines is the abil-
ity to implement a controlled, controlled process of burning fuel, usually organic. It is possible to as-
sume that issues related to the burning of organic substances are most deeply worked out precisely in
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jet engine building. This applies both to their scientific side and to their practical implementation.
There are other areas of technology where the issues of thermal processing of organic substances and,
in particular, their combustion play an important, or even decisive, role. These include the use of gases
after oil and coke processing, blast furnace gases, fermentation gases in digesters, etc. Separately, it is
possible to single out the issues of thermal processing of raw materials in the wood-chemical industry.
This list should include the tasks of processing various wastes, primarily household waste, using py-
rolysis or incineration. The list goes on.

As part of the thermal processing of organic substances, various directions can be distinguished,
in particular, combustion, gasification, and slow pyrolysis. At the moment, with the similarity of the
chemistry of the reactions in the indicated directions, different models are used to study the ongoing
processes. In this case, only the known composition of the feedstock is considered. This makes it diffi-
cult to apply the obtained results in practice. In a real situation, the composition of the raw material is
not only unknown, but also variable in time. In this regard, it seems relevant to develop a single model
for the indicated areas with the ability to determine the composition of the feedstock in real time. Such
a model can be built on the basis of the most developed theory of fuel combustion used in jet engines.

In modern technology there is a look at its interaction with various fields of applied science. A
common point of view is a certain orientation of relations: the results of scientific research serve the
process of developing technical objects. Moreover, the needs of developers can stimulate new re-
search. The construction of a unified model for studying the issues of thermal processing of organic
substances based on the theory of combustion developed in another field of technology can allow the
use of technical solutions from this area for the implementation of the processes under study. In other
words, in this case, in contrast to the widespread one, another direction of interaction between the re-
sults of scientific research and their technical implementation can be realized: based on the existing
technical developments in jet engine building, a model for the thermal processing of organic raw mate-
rials is constructed.

Literature review and problem statement

Volumes of consumption and the cost of extracted organic energy resources are growing, and ex-
plored reserves are decreasing. This is one of the reasons for the increased interest in alternative
sources. Potentially, the volumes of such resources are large. So only the amount of associated gas
from oil production, neutralized by burning in flare devices, according to the World Bank [1] in 2017
amounted to 141 billion cubic meters. In [2] it is noted that its rational use would provide electricity
for the African continent during the year. On the other hand, the cost of this gas may be about 30 bil-
lion USD, which corresponds to a quarter of gas consumption in the United States or 30% in the Euro-
pean Union annually. In addition to the energy component, environmental issues also find their place
in the spectrum of interests in the processing of associated gases and various types of waste. Accord-
ing to the United Nations Intergovernmental Panel on Climate Change (IPCC) [3], the greenhouse ac-
tivity of methane per 100 years is 28 times stronger than that of carbon dioxide of the same volume
generated during methane burning. In a 20-year perspective, this value is even greater — 84 times. It is
necessary to add to associated gases difficult to estimate, but significant volumes of gases in the form
of industrial waste, thermal processing of agricultural waste, wood chemical, pulp and paper and other
industries, household waste processing. For the most part, they also consist of methane.

The main process in obtaining energy from organic raw materials is its burning. Other processes
may also serve as intermediate. These are gasification and pyrolysis. And already their reaction prod-
ucts are again burned. Historically, the study of issues related to the study of combustion, gasification,
and pyrolysis began at various points in time and was carried out by various research groups. In each
case, various substances acted as the starting materials and various search goals were set. So when
burning, the possibility of maximum heat generation by eliminating underburning or excess air is
sought. In contrast, during gasification, the goal is reducing energy losses as a result of the reaction
while simultaneously producing a mixture of combustible gases with the highest possible calorific
value. In the process of pyrolysis, in contrast to the two previous cases, the supply of energy in the
form of heat is required. Carbon residues, condensing substances and non-condensing gases act as
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products of the process. Search in each area is based on differing approaches and models. From such
positions, the latest review [4] reflects the contribution of a leading group of European and American
researchers in the various areas. But in the same work, this approach conflicts with the unified classifi-
cation of processes and starting materials in their research as “thermochemical processing of biomass”.
The search for alternative energy sources and, at the same time, the possibility of processing waste is
of interest to scientists around the world [5]. Relevant reviews of previous years [6-7] indicate many
years of interest in this issue.

In a number of works, the possibility of a smooth transition of one process to another or the im-
plementation of various processes, or even their joint course on the same equipment, is noted. So in [8]
an attempt is made to consider the gasification process as a special case of the combustion process.
This implies the possibility of applying in both cases a single model for describing various processes
of thermal processing of biomass. It is only necessary to vary the coefficient of excess oxidizing agent.
This requires the study of these related processes with various combinations of parameters [9 — 11].
In [12], a variant of the operation of pyrolysis plants in the presence of a small amount of air is con-
sidered. This process is called “quasi-pyrolysis”. On the same equipment, using identical raw materi-
als, various processes can be implemented. In this case, a conflict appears between the applied pyroly-
sis and gasification models. It becomes difficult to resolve with uncontrolled changes in the composi-
tion of the feedstock or the amount of air (suction). There are many other factors that influence the
pyrolysis process. They are all analyzed individually or in some groups [13 — 15]. Substances of dif-
ferent initial composition, various equipment configurations, process parameters, etc. are considered.

A unifying feature of most works is the consideration of various, but necessarily known starting
materials as initial materials. In contrast, in a real situation, the case of unpredictable changes in the
processing of the composition of the raw material is practically important. It seems important to de-
velop a method for determining the variable composition used for the processing of starting materials
in real time. In [16], a model is proposed, and in [17] based on it, such a method is developed, but only
for the case of gaseous substances. The extension of this method to the case of using starting materials
in other phase states within the framework of a single model for describing the processes of combus-
tion, gasification, and slow pyrolysis is relevant.

The aim and objectives of research

The aim of research is development of a unified method for identifying the combustion, gasifica-
tion and slow pyrolysis of hydrocarbons of unknown and variable composition. This will allow the
rational use of hydrocarbon substances from a technological, energy and environmental perspective.

To achieve the aim, the following objectives are set:

—to select and adapt for the calculation of the processes under consideration a single model for
solving the problems of combustion, gasification and slow pyrolysis with a known composition of the
initial hydrocarbon substances;

—to determine the magnitude of the error introduced by various perturbations in the solution of
the corresponding problems;

— to develop, within the framework of the chosen model, a method for determining in real time
the composition of the initial hydrocarbon substance in various states of aggregation.

Method for solving the problems of combustion, gasification and slow pyrolysis of hydro-
carbon substances of unknown and variable composition

The choice and adaptation of a single solution method

One of the features of the processes under consideration is the gaseous state of their products. In
addition, with all the variety of hydrocarbon substances, the number of chemical elements that make
up their composition is limited. Most often it is carbon (C), hydrogen (H), oxygen (O) and nitrogen
(N). Less often sulfur (S) and phosphorus (P). Due to this, the amount of generated gases is also lim-
ited, which greatly facilitates the solution of the problem.

For definiteness, let’s consider the starting material, which consists of only three elements: (C),
(H), and (O)). This does not fundamentally change the nature of the solution, but significantly reduces
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the bulkiness of the calculations. Using the selected elements, the following can be described as start-
ing products:

— gaseous — saturated and unsaturated hydrocarbons, etc.;

— liquid — alcohols, aldehydes, organic acids, phenols, etc.;

- solid — wood, agricultural waste (cellulose, lignin), plastic waste, etc.

For pyrolysis, it does not matter which of the above elements are part of the starting material. In
developing calculation methods for combustion and gasification, air can be used as an oxidizing agent.
Nitrogen in the air does not change the essence of the processes and acts mainly as ballast. The
amount of nitrogen oxides formed is not large and does not fundamentally affect the ongoing process-
es. The presence of nitrogen in the air requires consideration of an additional chemical element (N).

In the calculation results, the following gases and the elements of which they consist can act as
products:

[CQ], [CO:], [H,Q], [OH], [NO], [H:], [O-], [N:], [H], [O], [C], [N]. 1)

Based on similar initial data and assumptions, a model is proposed in [6] for determining the un-
known composition of gaseous fuel in the form of its gross formula, presented in the form:

CocHpHOpoNbn. 2

Here bC, bH, bO, bN is the number of atoms of the corresponding chemical elements in the gross
fuel formula. Based on the model in [17], a method for identifying the composition of the fuel is pro-
posed. During the implementation of the method, the direct problem of determining the composition of
the combustion products was solved for a given gross formula of gaseous fuel and fuel. It should be
noted that the implementation of the solution of the direct problem no longer requires the use of fuel
only in gaseous form. Various aggregate states may be considered.

The gross fuel formula in the form (2) is determined from the corresponding fuel and oxidizer
formulas using the oxidizer excess coefficient a (including for the case a<l). In other words, the mod-
el given in [16], when solving the direct problem, can be used to describe the combustion and gasifica-
tion processes. For the case of gasification, there is a limitation. In accordance with the proposed mod-
el, the temperature and quantitative composition of the products of combustion (gasification) are de-
termined on the basis of the equality of their enthalpy and the enthalpy of the initial fuel. This suggests
that the energy released at the final stage of gasification is enough to self-sustain the process. Such a
condition may be violated, for example, with increased humidity of the gasified substance. The possi-
bility of solving the problem when supplying additional energy is discussed below.

The model described in [16], after correction, can also be used to solve the problem of slow py-
rolysis. Consider the types of equations in the model [16].

The law of the masses. For the first eight substances from (1), using CO, as an example, through
partial pressures of the corresponding components, equations are written in the form:

P2
KCOz(T): =0

1
PCOZ

®)

were Kco, (T) is the constant of chemical equilibrium at the temperature of the combustion products T

for the reaction of the formation of CO, from elements C and O (tabular value);

P, , Pc, Po — partial pressures of the corresponding components in the mixture of combustion
products.

Equation (3) is written using partial pressures instead of concentrations for the convenience of
further transformations. For gas mixtures, it is possible to achieve a numerical equality of the concen-
trations of the components to their partial pressures. This is possible when considering a certain num-
ber of moles of fuel MT (2) instead of one mole. The Mg value is an additional unknown guantity and
is to be determined.

The law of conservation of matter. The equations are written for the last four elements from (1)
taking into account Mg. As an example, the equation for (C) has the form:
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MebC =R + Peo, + R (4)

The left side of the equation displays the number of carbon atoms in the fuel (2). The right side of
the equation displays the number of carbon atoms in the combustion products. As in (3), partial pres-
sures act as concentrations.

Dalton’s Law. It is written to close the system of equations, taking into account the additional
value of Mg

R=YR, (5)

were Ps — the pressure in the combustion chamber (furnace);

P; — partial pressures of the components of the products of combustion.

With this recording scheme, the partial pressures of the combustion products can differ by 15 to
20 orders of magnitude. To reduce the range of variation of values, all equations of the model are
logrithmized. As a result, it is a system of nonlinear algebraic equations. In the linearization process,
derivatives are determined not by the corresponding arguments, but by their logarithms:

dY {In[f (R} D d{in[f(R)}
! = . 6
d[In(R)] d[In(R)] ©
When solving the problems of pyrolysis, it becomes necessary to take into account the additional
component of the mixture of reaction products — the carbon residue in the form of a condensed phase.
Denote its concentration by Py. To close the system, let’s write another equation of the form (3) for
the carbonaceous residue formation reaction:

KoM= ™)
After taking of logarithm, equation (7) will look like:
In(Re) —In(Ry) - In[Ky (T)]=0. (8)

One of the features of the model is manifested in the linearization of equation (8). The PU concentra-
tion for a given temperature does not change. The derivative of the corresponding term in equation (8), in
contrast to other equations of the form (3), is equal to zero. The linearized equation has the form:

1A[IN(R:)] = (=D{In(Re) - In(Ry) - In[Ky (T} (9)

In this expression, the sign (*) denotes the initial approximation and the corresponding initial ap-
proximations P and Py or the values from the previous calculation step are used on the right side.

When writing down the law of conservation of matter, the Py value is taken into account in the
balance of the number of carbon atoms and equation (4) has the form:

MFbCZPco+PC02+PU+PC- (10)

When writing the Dalton law (5), the Py value is not taken into account due to the small specific
volume.

Calculations based on the proposed model are simpler for the case of pyrolysis compared with
combustion and gasification. So, for the case of pyrolysis, the temperature of the reaction products is
set and the iterative process of calculations is determined only by solving a nonlinear system of equa-
tions. When calculating the combustion and gasification processes, the temperature of the combustion
products is sought within the external stage of the iterative process.

Thus, a single model is selected and adapted to solve the problems of combustion, gasification
and slow pyrolysis with a known composition of the initial hydrocarbon substances. Variants of the
model for calculating various processes are distinguished by the presence of a condensed phase of a
carbonaceous substance. As part of the calculation of the combustion and gasification process, the
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temperature of the combustion products is determined. During pyrolysis, the temperature of the reac-
tion products is set.

Examples of calculation of the processes of combustion and pyrolysis of hydrocarbon sub-
stances of known composition on the basis of a single model

In order to reduce cumbersomeness without changing the generality of presentation, model (1) — (5)
is constructed for the process of combustion of hydrocarbon substances in air. To verify the operability
of the model used in the study of combustion and gasification processes, the combustion of methane
(CHy) and ethyl alcohol (gross formula C,HO) was previously performed.

The calculations are performed for various values of the coefficient of excess oxidizer a. At a=1,
the process is considered as burning (when a<1 — as gasification). The results of calculations accord-
ing to the proposed model and the data from [18] are compared when methane and ethyl alcohol were
burned in air. The values of temperature T (K) and partial pressures P; (in bars) of the combustion
products at a pressure in the combustion chamber (furnace) of 1 bar are given. The comparison is car-
ried out for various values a by determining the relative error ¢ of the calculation of partial pressures
relative to the pressure in the combustion chamber. The minimum reduced values o is due to the avail-
ability of data in [18]. Based on the model used, calculations can be performed for any value of a.

The obtained results show good agreement between the calculation results for the proposed mod-
el and those given in [18]. The relative errors in determining the partial pressures during methane
combustion do not exceed 1 %, and for ethanol — 1.4 % and do not exceed the values allowed for en-
gineering calculations (<5 %). Part of the resulting error may be due to the use of approximate air
composition in the calculations.

To assess the reliability of the model used in solving the problem of thermochemical transfor-
mations of solids with a variety of experimental works, it was not possible to find structured data. In
their quality, the experimental values of the ranges of changes in the concentrations of the main groups
of transformation products for the initial wood raw material from pine were used. Such data are avail-
able in most available literary sources of various years. This determines their choice.

The composition of the gross formula and the enthalpy of the starting material (pine wood) used
in the calculations were determined on the basis of indirect data. The values of these data in various
sources are close, but, nevertheless, are not the same and are given in a certain range. For this reason, a
specific source of their values is not indicated. It is accepted that pine wood includes: C — 49...50 %;
O —42...44 %; H - 6...7 %. In addition, the composition of wood includes ~0.1...1 % N and up to 1 %
of mineral components (ash). These substances are not taken into account due to the smallness of their
concentrations in the evaluative nature of the calculations. As a result, CH; 44004 iS adopted as the
gross formula of the feedstock. The heat production of absolutely dry pine wood in a number of
sources is indicated at the level of 2100 °C (2370K), which makes it possible to estimate the enthalpy
of the feedstock with a value of —68.24 kJ/mol (-2880 kJ/kg).

The combustion process with a stoichiometric ratio of fuel and oxidizer in a simplified form is con-
sidered as a process of complete oxidation of combustible substances. For pine wood, it looks like this:

CH1_4400,64 +10402 + 391N2 = COZ + 072H20 + 391N2 (11)
\—W—J

air

The calculation results of this process based on the proposed model are displayed (highlighted) in
the corresponding row in the Table 1. As before, the pressure of the combustion products in the com-
bustion chamber (furnace) is assumed to be Ps=1 bar.

The list of combustion products displayed in the Table 1 is wider than the similar list in (11).
Nevertheless, these data can be compared if to find the number of products containing H and N per
1 mole of substances containing C:

R0 + Poy + Py, _ 0.121+0.004 +0.003
Peo + Peo, 0.019+0.156

=0.731, (12)
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PNz + Pvwo _ 0.684 +0.003 —-3.926 (13)
Poo+Peo, 0019+0.156
Table 1

Temperature and concentration (partial pressures, volume fractions) of pine wood combustion products at
various values of oxidizer excess coefficient «

Concentrations (partial pressures, bar) of reaction products

o T, K

Cco CO, H,O OH H, N, 0O, NO
2.5 1409 0 0.077 0.055 0 0 0.749 0.119 0
2.2 1530 0 0.086 0.062 0 0 0.743 0.107 0
1.9 1681 0 0.099 0.071 0 0 0.736 0.092 0.0017
1.6 1870 0.0001 0.116 0.083 0 0 0.723 0.071 0.0028

13 2119 0.0015 0.139 0.100 0.002 0.0003 0.711 0.042 0.0043
1 2356 0.019 0.156 0.121 0.004 0.003 0.684 0.008 0.003
0.9 2371 0.040 0.150 0.128 0.003 0.007 0.667 0.002 0.0016

0.8 2316 0.072 0.134 0.132 0.0015 0.015 0.644 0 0
0.6 2071 0.153 0.093 0.125 0 0.052 0.577 0 0
0.4 1661 0.246 0.058 0.085 0 0.134 0.476 0 0
0.3 1348 0.303 0.043 0.048 0 0.201 0.406 0 0

The deviation of the results of (12), (13) from the values of (11) (the number of moles of H,O and N,)
does not exceed 1.5 %. At the same time they are more informative. The calculation results (Table 1) re-
flect the main features of the combustion and gasification processes. Thus, the temperature of the reaction
products is shown to be higher for «=0.9 compared to a=1.0. This is due to the large influence of an in-
crease in ballast in the form of N, compared to an increase in the energy received in the form of heat. This
gas must be heated, but it does not take part in the reaction. The calculation results adequately reflect the
change in the ratio of CO, CO,, and H,O as a change, during the transition from combustion to gasification.
The increase in the number of nitrogen oxides with increasing free O, with increasing a is shown. Starting
from a certain value of a, a decrease in the amount of NO occurs despite a continuing increase in O, in the
reaction products. This is due to a decrease in their temperature.

Further, in comparison with the Table 1, a decrease in the value of a leads to the impossibility of
organizing the combustion process (gasification). At =0 and heating of the hydrocarbon material, its
dry distillation occurs (slow pyrolysis). The calculation results for the parameters of this process based
on the proposed model are given in Table 2. The composition of the reaction products takes into ac-
count an additional component — carbonaceous residue (U).

It is noted the formation of condensable hydrocarbon substances — slurry (acetic acid, resins and
others) in experimental studies of low-temperature (350...450 0°C) slow pyrolysis of wood.

This is the result of relatively rapid removal of decomposition products from the heating zone.
High molecular weight volatile hydrocarbon substances resistant to thermal degradation do not have
time to decompose into simple ones. This effect is manifested more clearly in the processes of rapid
pyrolysis. With an increase in the temperature of slow pyrolysis or an increase in the residence time of
the reaction products in the heating zone, the amount of condensing substances decreases, until they
disappear completely. Table 2 presents the results of calculating the parameters of just such a process.
For this reason, the list of reaction products does not contain hydrocarbon substances other than me-
thane. Consideration on the basis of the proposed model of fast pyrolysis processes with the formation
of a large number of condensing substances will be the subject of additional research. In the literature
for slow pyrolysis, the composition of the reaction products is indicated in mass fractions (mi). The
same values are used in the Table 2 to display the results of calculations.

To assess the adequacy of the results let’s use the basic characteristics of slow and high tempera-
ture pyrolysis of Table 3 given in (13).
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Slow pyrolysis (Table 3) corresponds to the calculation results (Table 2) at a temperature of
T=700K. The relative error of the calculated coal fraction of 34 % differs from the experimental data
by no more than 3 %. The error in calculating the proportion of water is even smaller and amounts to
~1.5 %. For high-temperature pyrolysis, the difference between the calculated values is greater, but
also does not contradict the nature of the data. It should be noted that the experimental data are given
for a certain range of conditions. The calculated values are determined for a fixed temperature value.

Table 2
Mass fractions (mi) of wood pyrolysis products at various temperatures (T)
7, K CO CO, H,0 CH, H, U
700 0.003 0.288 0.246 0.112 0.005 0.34
900 0.102 0.294 0.178 0.05 0.028 0.343
1100 0.490 0.125 0.067 0.06 0.051 0.255
1300 0.707 0.019 0.014 0.001 0.059 0.195
1500 0.744 0.003 0.003 0 0.060 0.184
Table 3
Characteristics of the types of pyrolysis
. Products, wt. %
Process Conditions Distillate Coal Gas
Slow
pyrolysis Low temperature (350...450 °C), long process 30 35 35
High temperature . o (water up
pyrolysis High temperature (>600 °C) t0 75%) 10 85

Thus, the results of calculations performed using the proposed unified model adequately reflect
the parameters of various processes of thermochemical conversion of hydrocarbon substances: com-
bustion, gasification, and slow pyrolysis. The relative error of the calculations does not go beyond the
permissible values for engineering calculations (<5 %).

A method for determining the composition of the initial hydrocarbon substance in various
states of aggregation in real time

All the above calculation results are obtained under the condition of a known composition of the
starting materials. When to change the type, quality of the feedstock, this condition is violated and the
results lose relevance. Without identifying the composition of the starting materials, it is impossible to
organize a controlled process of their thermochemical processing.

The calculations in the study of all the processes considered are based on the use of the gross
formula of the starting material. Another feature is the identity of the gross formulas of the starting
material and the sum of the reaction products. These properties are the basis of the method for deter-
mining the composition of hydrocarbon substances in thermochemical processing.

In [17], a method is proposed for determining the composition (gross formula) of combustible
gas during its combustion. The method is based on solving the inverse problem. Instead of the calcu-
lated temperature value (as a function), it is used as a known value (argument). For this, the tempera-
ture in the combustion chamber is measured. As a result, it becomes possible, on the basis of the exist-
ing system of equations, to determine one of the quantities of atoms in the gross formula (2). By vary-
ing the combustible gas-air ratio and measuring the corresponding temperatures, it is possible to for-
mulate a system of equations for determining all values of the number of atoms in formula (2). Be-
cause the composition of the combustible gas at the time of determining its composition is unknown,
then instead of the values of o and the molar stoichiometric coefficient of the component ratio yp re-
quired for the calculations, the measured value of the ratio of the volumetric flow rates of gaseous fuel
and oxidizer is also used. At relatively low pressures, all gases are close to ideal in properties. In this
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case, the molar volumes of any gases are the same and equal to ~22.4 I/mol. As a result, it is possible
to introduce the replacement into the system of equations:

L Ve
xe Vcomb

A feature in the organization of such a process for determining the composition of the fuel is the
need to ensure the isoenthalpy of the combustion process. It can be provided in a combustion chamber
similar to a rocket engine with a regenerative cooling system with one or both components.

The method is based on the model considered in this article. But a mixture of gases, albeit of un-
known composition, which can burn, can be obtained from liquid and solid hydrocarbon substances in
the process of gasification with small a values. Based on these comments, the composition determina-
tion process is structured as follows:

—in a separate device of a small size, an uncontrolled process of gasification of a substance is
carried out, the composition of which must be determined. In this case, the flow rate of air supplied to
gasification is taken into account;

— in accordance with the method proposed in [17], the gas obtained in the previous step is burned
in a special device and its composition is determined (gross formula);

—based on this formula and excluding the air spent on gasification in the first stage, the gross
formula of the starting material is determined.

Thus, on the basis of the proposed algorithm, a closed-loop process can be carried out to quickly
determine the changing composition of a mixture of hydrocarbon substances of an arbitrary phase
composition and their controlled thermochemical processing.

Discussion of the results of solving the problem of combustion, gasification and slow pyroly-
sis of hydrocarbon substances

In existing methods, the initial data for the calculation are substances or mixtures of substances of
known composition. Real mixtures may consist of a large number of them. So the standard for chromatog-
raphy of natural gas involves determining the percentage of more than 30 individual substances included in
it. When used for thermochemical treatment of household, agricultural and other wastes, the same problems
exist in determining their composition. The complexity of describing the composition of substances and
their mixtures is significantly reduced when using their gross formulas (2). Using only four chemical ele-
ments (C), (H), (O) and (N) allows to describe the composition of most organic substances. So taking into
account another element (S) allows to describe the composition of the above noted natural gas. The sim-
plicity of the gross formulas with a known composition of the starting materials allows their use for calcu-
lating various processes of thermochemical transformations ([19], [20], Table 1). Such universalism at the
initial stage served as the basis for expanding the applicability of the gross formula for calculating the re-
gion of slow pyrolysis with a known composition of the feedstock (Table 2).

Adequate results in the calculation of combustion and gasification processes are obtained due to
the high temperatures of the processes. The presence of condensable substances during pyrolysis is a
consequence of low temperatures and the relatively rapid removal of products from the reaction zone
(heating zone). With increasing temperature, their number decreases, which is confirmed by the data
in Table 2.

Pyrolysis, in contrast to combustion and gasification, is characterized by the production of con-
densed (carbonaceous residue) and condensed substances (distillate). The carbonaceous residue is the
product of the final decomposition of hydrocarbon substances. Therefore, the model under considera-
tion well describes the process of its formation. Condensable substances in the reaction zone are in a
gaseous state, but do not reach the final stage of decomposition. To describe the process of their for-
mation, the model used in the article should be finalized, which is the subject of further research.

The noted simplification of calculations using the gross formula also underlies the method for de-
termining the composition of gaseous organic substances and mixtures during their combustion [16].
Such universalism makes it possible to propose a method for determining the composition of various
organic substances by generally uncontrolled gasification of a small number of them. Such a process
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of gasification and determination of the composition of the gross formula can occur in real time in
parallel with the main process of thermal processing of substances and ensure its controllability and
controllability.

The proposed unified model for identifying the composition of products of combustion, gasifica-
tion, and slow pyrolysis can serve as a basis for calculating the necessary parameters and controlling
the corresponding processes based on them. This does not exclude the need for engineering, metrolog-
ical support of the relevant processes and requires additional research.

Conclusions

1. A single model is selected and adapted to solve the problems of combustion, gasification and
slow pyrolysis with a known composition of the initial hydrocarbon substances. The model uses the
partial pressures of the reaction products as determined quantities. This approach implies their gaseous
state. A feature of the model under consideration is the possibility of taking into account the con-
densed phase in the calculations. In this case, it is a carbonaceous residue during pyrolysis;

2. The results of calculations based on a single model of the compositions of the products of slow
pyrolysis are presented. Their relative error does not exceed the permissible value for engineering cal-
culations (<5 %). This corresponds to the accuracy of the calculations of the combustion and gasifica-
tion processes for which the adapted model is originally developed;

3. A method is developed for determining in real time the composition of the hydrocarbon com-
ponent of combustible substances in various aggregate states according to the single proposed model,
which represents a further development of the model proposed in [17].
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