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Abstract

Introduction. The basis for research, analysis and mathematical optimization of any chemical process is an adequate
mathematical model that takes into account the kinetics of the object. Kinetic analysis is a challenge in chemical
technology, since it allows for optimizing synthesis processes and predicting their efficiency. Numerous chemical
processes involve several stage reactions. For successful design and optimization, a mathematical model that describes
each stage is needed. Creating such a model manually can be time-consuming and costly, since it requires processing a
large amount of information. The modern level of automation makes it possible to accelerate the obtaining of a
mathematical formulation of the kinetics of multistage reactions. In this case, working with data is greatly simplified,
and the probability of making mistakes is reduced. The resulting mathematical model can be applied for further analysis
and optimization of the process. The paper considers the industrial reaction of catalytic reforming of gasoline, which
occupies an important place in the modern scheme of oil refining, since it is a source of high-octane components of
commercial gasolines and individual aromatic hydrocarbons. This process is characterized by the participation of a
large number (up to 300) of various hydrocarbons, a change in the number of moles, and non-isothermality in it.
Mathematical modeling of such processes involves detailing the stages to the required level. The detailing of up to 173
stages is considered. In this setting, automation of the formation of a mathematical formulation of kinetics for catalytic
reforming of gasoline has not been carried out before. Therefore, the presented work aimed at implementing effective
numerical methods and algorithms for automating the building of a mathematical model taking into account kinetics,
thermodynamics, and changes in the number of moles.

Materials and Methods. The mathematical formulation of the kinetics of multistage reactions was developed on the
basis of the mass action law. The kinetic parameters values were taken from literary sources. The direct kinetics
problem was solved using algorithms: the Gear method, the Runge-Kutta method of the 4th order, and the scipy.odeint()
method of the Python language. The automation concept was implemented using the IDEFO methodology. The software
was written in the Python programming language.

Results. A new software was created to automate the process of forming a mathematical model, taking into account the
kinetics, thermodynamics, and the volume of the reaction mixture. The program results were presented by the example of
catalytic reforming of gasoline. The model implemented the possibility of taking into account the intermediate heating of the
mixture in the reactor cascade. Numerical values of temperature changes corresponding to industrial data were obtained.
Discussion and Conclusion. The results obtained through modeling chemical transformations in the cascade of gasoline
catalytic reforming reactors confirmed the exothermic nature of the reaction. The developed software product provides
displaying changes in the concentrations of reactants, as well as temperature variations in the reactor, and it can be used
in scientific research organizations for the analysis of multistage catalytic processes. The results of the reaction kinetics
modeling will be used in the subsequent optimization of the process conditions in production.

Keywords: kinetic analysis, mathematical formulation, automation, differential equation system, direct problem,
computational methods
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Beeoenue. OcHOBOH AJIs1 CCIIEOBAHYS, aHAJIM3a U MaTeMaTHYECKON ONTHMH3ALUK JI000r0 XMMHYECKOTO IIpolecca
SBISIETCST aJEKBaTHAsh MaTeMaTH4ecKash MOJIesIb, YUYUTHIBAIOIIAs KHHETHKY oObekra. KuHeTmueckuil aHanmm3
B XUMHYECKOW TEXHOJIOTHH SIBISIETCS Ba)KHOW 3ajadell, IMOCKOJIbKY IO3BOJIICT ONTHMHM3HPOBATh MPOLECCH CHHTE3a
U TIPOTHO3MPOBaTh UX 3(P(PEKTUBHOCTE. MHOTHE XUMHYECKHE IPOIECCH BKIIOYAIOT B CE0sl HECKOJBKO CTAaIMHHBIX
peakuuif. Jlis ycCHEmIHOTO IPOEKTUPOBAHUS M ONTHMHU3AIMM HEOOXOJMMa MaTeMaTHdecKas MOJENb, KOTopas
OMHCHIBAaET KaXAyio ctaauio. Co3maHue Takod MOAETH BPYYHYIO MOXKET OBITh TPYAOEMKHM U 3aTPATHBIM IPOIIECCOM,
Tpebytomum 00paboTku Oosibmoro o0bema uHpopMmaruu. COBPEeMEHHBIH ypOBEHb aBTOMATH3AIMK TO3BOJISET
YCKOPHUTb MOJy4YeHHE MAaTEeMaTHYeCKOr0 ONMUCAHUS KUHETHKA MHOTOCTAIMIHBIX peakuuil. B 3ToM ciiydae 3HauUTENbHO
ynpomaercs paboTa ¢ JTaHHBIMH M YMEHBIIIATCSl BEPOSATHOCTH coBepiieHus omubOok. [lomyueHnas maremarndeckas
MOJIeb MOKeT OBITh NMpHMEHEHa U MOCIEAYIOMIEro aHalk3a M ONTUMH3AalMK Iporecca. B pabore paccmorpeHa
MIPOMBINIJICHHAST PEAKIHs KaTaTHTHICCKOTO pu(OpMIUHTa OCH3WHA, 3aHUMAIOIIAast BAXXHOE MECTO B COBPEMECHHOM CXeMe
nepepaboTki He(TH, TMOCKOIBKY SBISETCS HCTOYHHKOM BBICOKOOKTAHOBBIX KOMIIOHCHTOB TOBAapHBIX OCH3MHOB
U MHIUBUIYabHBIX apOMATHYCCKUX YTIIEBOIOPOIOB. [IaHHBINA MPOIECC XapaKTEPU3yeTCsl YYacTHEM B HEM OOJBIIOrO
grcna (mo 300) pasmTUYHBIX YTICBOAOPOAOB, M3MEHCHHEM YHCIAa MONICH W HEM30TePMHYHOCTHIO. MaremMaTtmdeckoe
MOJICIUPOBAaHUE TaKHUX IIPOILECCOB MPEIIOjaraeT IeTadu3aluio CTaauid 10 HeoOXoammoro ypoBHs. PaccMorpena
neranusanus 1o 173 craauii. B Takoit nocTaHoBKe 3a1aun aBToMaTH3alus GOPMHUPOBAHUS MATEMATHUYECKOTO ONMCaHUs
KUHETUKH JJIsl KaTaJIUTHYecKoro pudopmuHra OEH3MHOB paHee He MPOBOAMIACH. [103TOMY LieNbi0 MpeACTaBICHHON
paboThl siBUIack peanu3anus d(GEeKTUBHBIX YHUCICHHBIX METO/IOB W ajJrOPUTMOB JJisi aBTOMaTU3aluu (GOpMHUpOBaHHS
MaTeMaTHYeCKON MOJIENN C Y4ETOM KMHETHKHU, TSPMOJMHAMUKN M U3MEHEHHUS YUCIIa MOJICH.

Mamepuansl u memoowi. MaremaTnyeckoe ONUCAaHHE KUHETHMKM MHOTOCTAJMWHBIX peakuuii paspabarbiBaeTcs
Ha OCHOBE 3aKOHA JCHCTBYIONINX MacC. 3HaUYCHHUS KUHETHYECKUX ITapaMeTPOB B3SITHI U3 JUTEPATYpPHBIX HCTOYHHKOB.
Perenne mpsiMolt 3aadu KWHETHKH IMIPOBOIWIIOCH C MPHUMEHEHHEM CIICAYIOMHX alropuTMOB: MeTon [mpa, Pynre-
Kyrter 4 mopsimka um merox scipy.odeint() s3pika Python. Konmemus aBTomMatmsamum peann3oBaHa ¢ HOMOIIBIO
metoznoioruu IDEFO0. [IporpaMmMHOe obecrieueHre HalMCaHO Ha SA3BIKe porpaMMupoBanust Python.

Pe3ynomamut  uccnedoséanus. Co3IaHO HOBOE TIpOTrpaMMHOE oOOecliedeHHe I aBTOMATH3allid  IpoIiecca
(hOpMHPOBaHUS MaTEMaTHYECKOH MOJIENN C Y4€TOM KMHETHKH, TEPMOJANHAMUKY M y4eTa 00beMa PeakMOHHOW CMeCH.
[TpuBeneHsl pe3ynbTaThl pabOTHI MPOrpaMMbl HA NpHMEpPE KaTaIUTHYeCKOro pudopMmuHra OeH3uHa. PeannzoBana
BO3MOKHOCTh yu€Ta B MOJENH NPOMEXKYTOYHOTO MOJOrpeBa CMECH B Kackaje peakTopoB. IlodydeHsl yucneHHbIE
3HAYEHMs] U3MEHEHUS TEMIIEPATYPbl, COOTBETCTBYIOIINE POMBIIICHHBIM JJAHHBIM.

Oébcyscoenue u 3axniouenue. Pe3ynpTaThl, OTyuYeHHbIE IPH MOAEIMPOBAHUN XUMHUECKUX MPEBpAIlleHHH B KacKaJe
PEaKTOpoB  KaTamUTHYECKOTo pudopMuHra OEH3WHA, MOATBEPIIUIA DSK30TEPMUUYCCKHHA XapakTep PpeakIiH.
PazpaboTtanHBIi TpOTrpaMMHBI IPOIYKT MTO3BOJISET OTOOPA3UTh H3MEHEHHS KOHIICHTPALINI BEIIECTB PEAKIHH, a TAKKe
HW3MEHEHHE TeMIepaTypbl B PEakTOpe W MOXKET OBITh HCIIONB30BAaH B HAyYHBIX HCCIICAOBAHISIX OpPTaHM3AlU IS
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aHaJIM3a MHOTOCTAIMIHBIX KaTaTUTHYECKHX IIPOIECCOB. Pe3ymbTaThl MOAENMPOBAaHUS KHHETHKH PEakIuu OyIyT
HCIOJIb30BATHCS B MOCIEAYIOLIEH ONTUMU3ALUN YCIOBUM MPOBEACHUS IpOLEcca Ha MTPOU3BOJICTBE.

KiroueBble cj10Ba: KUHECTHYCCKHUM aHaJlIn3, MaTCMaTHYCCKOC OIIMCAaHHUEC, aBTOMAaTU3alus, CuicteMa ,HI/I(l)(l)epeHI_[I/IaHI)HLIX
ypaBHGHHﬁ, npsaMasd 3ajgada, METOAbl YUCJICHHOTO PCIHICHUS

Bnarouapﬂocn/l. ABTOpLI BbIpaXKalOT MPHU3HATCIBHOCTL PCLUCH3CHTAM 3a LCHHBLIC 3aMC4YaHUdd, CII0COOCTBOBABIIIUE
IIOBBINICHHUIO KA4C€CTBA CTATHH.

®unancupoBanme. PaboTa BHITIONHEHA B paMKax JIMIEPCKOTO MpoekTa «Pa3paboTka KOMITLIOTEPHON CUCTEMBI aHAIH3a
KWHETHKH XHMHUYECKHX IIPOIECCOB W HMX MHOTOKPHUTEPHAIBHOW ONTUMH3AIHAN» Y (PHUMCKOTO TOCYIapCTBEHHOTO
HE(PTSIHOTO TEXHUIECKOTO YHHBEPCHUTETA.

Jdas uutupoBanus. Jlsicenko H.A., Koneguna K.®@. ApToMaruzainus (pOpMHUPOBAHHS MATEMATHUECKOTO OIMHCAHUS
KWUHETHUKY JIJIT MHOTOCTaIMMHBIX XUMHUYIECKIX pEaKIUi U YUCICHHOE pelleHue npsMoid 3anadu. Advanced Engineering
Research (Rostov-on-Don). 2023;23(4):398-4009. https://doi.org/10.23947/2687-1653-2023-23-4-398-409

Introduction. Studies on the kinetics of multistage chemical processes is of theoretical and practical importance,
since it allows for revealing the mechanism of reactions and carrying out control. At the same time, it becomes possible
to accelerate target or slow down side chemical reactions. Kinetic analysis, being an important task of chemical
engineering, contributes to the optimization of synthesis processes and the prediction of their effectiveness [1-3]. A
great many chemical processes are multistage reactions. For their effective design and optimization, it is required to
have a mathematical model describing all stages [4, 5]. Manual formation of such a model can be very time-consuming
and costly, since it implies processing a large amount of information [6].

The object of the study is the industrial process of catalytic reforming of gasoline. The target product of the
reaction — reformate — provides obtaining the bulk of commercial gasoline. The remaining components are products
of isomerization, catalytic cracking, and alkylation. Most oil refineries in Russia and worldwide use catalytic reforming
units [7, 8]. Catalytic reforming of gasoline makes it possible to obtain aromatic hydrocarbons (xylene, toluene,
benzene), which can then be used in the petrochemical industry [9, 10]. However, for commercial gasoline, the presence
of aromatic hydrocarbons in the product is limited by environmental criteria. Therefore, detailed complex kinetics,
demonstrating the step-by-step formation of components, is able to operate the process conditions to control the yield of
the product and limit the content of aromatic hydrocarbons. The process of catalytic reforming of gasoline is carried out
in a reactor unit consisting of three consecutive reactors, between which furnaces are installed to heat the mixture. This
is a necessity since the reaction is endothermic. In the mathematical formulation of the reactor unit, it is required to take
into account the variation of temperature and volume of the reaction mixture along with changes in the concentrations
of the components from the conditional contact time of the catalyst and the reaction mixture.

Automation of modeling of such complex processes makes it possible to significantly speed up obtaining a
mathematical formulation of the kinetics of multistage reactions, reduce the probability of errors, and simplify the
process of working with data [11]. In general, automation of the formation of a mathematical formulation for multistage
chemical reactions is an important tool for effective process management in various industries, as well as for achieving
more accurate and efficient implementation of chemical reactions in the laboratory.

Thus, the study aimed at developing a software product to help automate the formation of a mathematical
formulation of multistage chemical reactions, taking into account the kinetics, thermodynamics and changes in the
volume of the reaction mixture, as well as obtaining a numerical solution of the compiled mathematical model.

To achieve the research goal, the following tasks were solved in this work:

— development of a software module for the formation of a mathematical formulation of kinetics using the Python
programming language;

— development of a software module for numerical solution to a direct problem according to a compiled
mathematical formulation using the Python programming language;

— obtaining the results of the software product for the reaction of catalytic reforming of gasoline.

Materials and Methods. Mathematically, this process can be described by a system of ordinary nonlinear
differential equations with initial data, which is a mathematical model. Considering that the catalytic reforming of
gasoline is an exothermic reaction with a change in the volume of the reaction mixture, the model of multistage
chemical kinetics can be considered in the following context:

dy,

M
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with initial conditions at t=0,y,(0)=y?, T =763K, 0 =1.014;1€[0,°] [11].
In this formula of reaction kinetics there are a number of variables and coefficients that determine the concentration

of reagents, contact time and reaction rate. Specifically, Q and y, (concentrations of reaction reagents) can be expressed

in mol/l or in fractions, and variable t, showing the conditional contact time of the reaction mixture with the catalyst,
in kgxmin/mol or kg of the catalyst. The formula also includes the following indicators: the number of stages M (173

stages) and the number of substances N (38 substances), as well as stoichiometric matrix v, . o, — these are all
negative elements of matrix v, at the intersection of the i-th row and the j-th column, and B, — all positive elements
of matrix v, at the intersection of the i-th row and the j-th column. The rate of the j-th reaction stage w, can be
expressed in 1/min or in mol/(kgxmin), and the rate constants of stages &,k , — in 1/min. In addition, the formula

specifies pre-exponential factors k9, k°,, expressed in 1/min, the activation energies of the forward and reverse

_j b
reactions Ef, E;, expressed in kcal/mol, gas constant R and temperature T, measured in Kelvins. The period of

reaction ¢* is determined by the time required to complete it in minutes, and the enthalpy of the formation of the i-th

component AH, (T ) is measured in J/mol. The specific heat capacity C, (T ) of the i-th component, measured in

J/(molxK), can be expressed in terms of the coefficients of the temperature dependence of the heat capacity of this
component, which are indicated by letters a;, b;, ¢;, d; [12]. i — serial number of the substance involved in the reaction.
When modeling chemical transformations of catalytic reforming of gasoline, it is required to take into account a
large number of individual hydrocarbons. Therefore, in the article, group components are used in the model for the
separation of types of hydrocarbons and the number of carbon atoms in the structure of the molecule: A; — aromatic
hydrocarbons; ACP; — five-membered naphthenes; ACH; — six-membered naphthenes; iP; — paraffin isomers; nP; —
normal paraffins. Here, / — number of carbon atoms in the molecular structure. Table 1 shows the average coefficients

of the temperature dependence of the heat capacity of the group components that are used in the calculations.
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Table 1
Coefficients of temperature dependence of group components
/ Hydrocarbon a b, Ci d;
group
1 nP; 34.942 —0.03996 0.19184 —0.153
2 nP; 28.146 0.043447 0.18946 —0.1908
3 nP; 28.277 0.116 0.19597 -0.2327
4 nPy 20.56 0.2815 —-0.013143 —0.09457
5 IP4 6.772 0.34147 -0.10271 —0.03685
6 nPs 26.671 0.32324 0.04282 —0.1664
7 iPs —0.881 0.47498 —0.24797 0.06751
8 nPs 25.924 0.41927 —0.012491 -0.1592
9 iPs —-7.123 0.58327 —0.30338 0.06802
10 nP; 26.984 0.50387 —0.04748 —0.1684
11 iP; 19.245 0.55072 —0.14055 —0.08248
12 nPsg 29.053 0.58016 —0.057103 —0.1955
13 iPg -3.367 0.75824 —0.38216 0.05736
14 nPy 29.687 0.66821 —0.096492 -0.2001
15 iPg 68.581 0.44754 0.31908 -0.5118
16 nPio 31.78 0.74489 —0.10945 —-0.2267
17 iP1o —46.17 1.108 —-0.70316 0.1787
18 nPy 125.21 0.31401 0.79137 -0.9141
19 iPy -8.791 1.0548 —0.5778 0.1192
20 ACHs 13.783 0.20742 0.53682 —-0.6301
21 ACH;y 4.296 0.42716 0.21058 —-0.3999
22 ACHzg —51.866 0.78827 —0.35255 —0.006855
23 ACHy -120.89 1.2728 —-1.0794 0.4035
24 ACHjo 90.421 0.23264 0.94595 -1.057
25 ACH1, —65.48 1.1809 —0.68379 0.1458
26 ACPs -9.939 0.42528 0.012521 —0.1886
27 ACP,; —28.514 0.58607 —-0.094379 —0.1644
28 ACPg —69.713 0.92602 —0.62526 0.2049
29 ACPy -116.73 1.3097 —-1.2439 0.5292
30 ACPy —67.341 1.0922 —0.704 0.1906
31 ACP1; —68.23 1.187 —0.7575 0.2018
32 Ag -31.368 0.4746 -0.31137 0.08524
33 Ay —24.097 0.52187 —0.29827 0.06122
34 Ag -17.36 0.5647 —0.26293 0.01122
35 Ao -10.933 0.64349 —0.27829 —-0.01443
36 Ajo —24.187 0.79716 —0.48265 0.1341
37 An -26.717 0.91044 —-0.53876 0.1203
38 H» 29.07 —0.0836 0.1064 0.5752

Equations (1), (3) and (4) describe changes in reagent concentrations in the process, and in system (2), molar
fractions are used to describe changes in the molar flow rate of the mixture. In (5), the dependence of the reaction
temperature change on the thermodynamic characteristics of substances is considered. In (6), (7), the dependence for
calculating the enthalpy of formation of the i-th component and the specific heat capacity is given.

In this model, the direct problem (solving a system of differential equations) is both rigid and non-rigid. The Gear
method used to solve the catalytic reforming model is based on backward differentiation [13—15]. To compare the
results and identify the optimal method, an explicit one-step Runge-Kutta numerical integration fourth-order method
and an explicit numerical integration method scipy.odeint() of the Python programming language were used.
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The concept of automating the formation of a mathematical formulation of kinetics for multistage chemical

reactions and a numerical solution method is illustrated using the IDEF0 methodology.

Figure 1 shows a contextual diagram of the process of automating the formation of a mathematical formulation of

kinetics for multistage chemical reactions and solutions by numerical method.

Runge-Kutta fourth-order Methoq of formmg'
method mathematical formulation
Method
scipy.odeint() Gear method

Stoichiometric matrix Automation of the formation of

»| mathematical formulation of kinetics
Experimental data for multistage chemical reactions and
numerical solution method

A4

Numerical solution to
direct problem

Developed
software package

v

Fig. 1. Context diagram “Automation of the formation of mathematical formulation of kinetics for multistage
chemical reactions and a numerical solution method”

The input parameters are the stoichiometric reaction matrix and experimental data. These include initial data on the
concentration of substances, temperature, pre-exponential multiplier, activation energies. The result of solving the
problem is a numerical solution to the direct problem. The controls are numerical methods for comparing the results, as
well as the method of forming a mathematical description. The mechanism is the developed software package for
automating the mathematical formulation of the kinetics of multistage reactions and solving a direct problem. Figure 2
shows the decomposition of the process of automating the formation of a mathematical formulation of kinetics for

multistage chemical reactions and solutions by numerical method into stages:
— formation of mathematical formulation;
— direct problem solution.

Method of forming Gear method RUI:)ng-eljlrlrtltzlt;ggrth- . Methqd
mathematical formulation scipy.odeint()
Stoichiometric matrix l
Forming \
Experimental data mathematical : ¥
X : .
formulation Dlrectl pr.oblern Numerical solution to
> —> solution direct problem

Developed software
package

Fig. 2. Stages of the problem solution

“Automation of the formation of mathematical formulation of kinetics

for multistage chemical reactions and a numerical solution method”

v
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The developed software package capabilities are represented by the features described below.

With the help of the program, you can create a kinetic model of a multistage chemical reaction and present its
solution by the previously described methods, using a given stoichiometric matrix. If the reaction is exothermic and
there is a change in the volume of the reaction mixture, two complementary equations are added to the system of
differential equations to describe these changes.

The mathematical model of catalytic reforming of gasoline is a system of differential equations (DES) of form (1)-
(7), consisting of 40 differential equations with respect to the number of group components, temperature dependence,
and the mole change equation.

The basic functionality of the program is:

— main application window with the output of the mathematical formulation according to the stoichiometric matrix
entered by the user;

— window with visualization of the solution: for each numerical method (Python-odeint, fourth-order Runge-Kutta,
Gear method), the operating time, an array of time ¢ and the solution of a system of differential equations at each
moment of time are displayed, which are graphs of changes in the concentration of substances, changes in the reaction
temperature or the volume of the reaction mixture.

Research Results. The catalytic reforming reaction took place in three reactors, between which a heating furnace
was located. The initial temperature of the first reactor was 766 K (493°C). For the first 9.6 conditional hours, the
reaction proceeded in the first reactor, the temperature dropped. After that, heating took place in the furnace between
the two reactors to 763 K (490°C), and the chemical process passed into the second reactor. In the second reactor, the
process occurred in the time interval from 9.6 to 32.3 conventional hours, the temperature decreased. Before proceeding
to reactor 3, the mixture was heated in the second intermediate furnace to 768 K (495°C) and flew in this reactor in the
time interval from 32.3 to 60 conventional hours.

Figures 3—5 show the kinetic curves of the hydrocarbon groups involved in the reaction and obtained using the Gear
method. The intermittent transitions on the graphs indicate that the mixture is moving from one reactor to another with

intermediate heating.

C, mol/l

0.30- —— Pl
nP2

0.25 1 —— nP3
—— nP4

0.20 — iP4
—— nP5

0.151 iP5
—— nP6

010] | iP6
——— nP7

0.05 —— iP7
0.00 | — s ——— —— iP8

T, conventional
hours

Fig. 3. Kinetic curves of catalytic reforming of gasoline
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C, mol/l
0.035 | ——nP9
—.iP9
0.030 - P10
0.025 | —— P10
nP11
0.020 - —— P11
——— ACHG6
0.015 - —— ACH7
ACHS
0.010 1 . ACHO9
0.005 - —— ACHIO
—— ACHII
0.000 - —— ACP6
0 10 20 30 40 50 60 T, conventional
hours
Fig. 4. Kinetic curves of catalytic reforming of gasoline
C, mol/l
‘—-—-—F-—_—-I—-_-_
0.07 1 = ACP7
—— ACP8
- / —— ACP9
0.05 . —— ACPI10
—— ACPI11
0.04 1 —— A6
—— A7
0.02 - A9
—— A10
0.01 - — —— All
—— H2
0.00 -
0 10 20 30 40 50 60 1, conventional
hours

Fig. 5. Kinetic curves of catalytic reforming of gasoline

The curves of changes in the concentrations of the group components are given depending on the time of contact of
the reaction mixture with the catalyst (Fig. 3-5). As an example, symbol nP1 stands for normal paraffin with one carbon
atom, and symbol A9 — stands for aromatic hydrocarbon with nine carbon atoms. Figures 6 and 7 show, respectively,
the curves of changes in temperature and volume of the reaction mixture of the catalytic reforming reaction of gasoline.
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Fig. 6. Temperature curve
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Fig. 7. Reaction mixture volume change curve
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Discussion and Conclusion. In the presented work, a software module for the formation of a mathematical
formulation of kinetics for complex multistage reactions has been developed. This makes it possible to analyze complex
processes, including industrial, to consider various possible mechanisms in an acceptable time.

The developed software module for the numerical solution of a direct kinetic problem provides monitoring the
dynamic change in the concentrations of components and the process temperatures in the case of its non-isothermality.
In addition to the presented graphs of changes in component concentrations, measurements of the operating time of
each of the three implemented methods were made. According to the scipy.odeint() method, the solution to the direct
problem lasted 80.5 seconds; according to the Runge-Kutta fourth-order method — 111.8 seconds. The most optimal
time, equal to 39.8 seconds, was shown by the Gear method. This confirms that Gear's method is optimized for working
with rigid systems of differential equations.

The implemented approach was applied to modeling the industrial process of catalytic reforming of gasoline.
Automation of the formation of a mathematical formulation of kinetics and the implementation of a numerical solution
to a direct problem allowed us to develop a kinetic model of a detailed scheme of chemical transformations in an
acceptable time, and obtain concentration and temperature profiles in the process reactors corresponding to industrial
data.
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3asenennviii 6xk1a0 A8MOpPo8:
H.A. JIsicerko — pa3paboTka mporpaMMHOTO 00ecTiedeH s, TOATOTOBKA TEKCTa, POPMYIUPOBKA BHIBOIOB.
K.®. KoneaniHa — Hay4YHOE PYKOBOJCTBO, MPEIOCTABICHHE WCXOMHBIX JaHHBIX, KOPPEKTHPOBKA BHIBOJIOB,

JopabOTKa TEKCTa CTaThH.
Kongnuxm unmepecos: aBTOpHI 3asBISAIOT 00 OTCYTCTBUH KOH(IINKTa HHTEPECOB.

Bce asmopur npouumanu u 0006punu OKOHUAMENbHBLI BAPUAHI PYKONUCU.
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