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Detailed kinetic model is required to study one of the most important oil refining processes,
which is catalytic reforming. The difficulty arises in connection with a large number of components
of the reaction mixture and a large number of stages of chemical transformations in developing the
kinetic model. The conversion scheme of catalytic reforming of gasoline includes 171 stages. The
individual components are combined in 37 groups belonging to the following classes: normal
paraffins, isoparaffins, five-membered naphthenes, six-membered naphthenes and aromatic
hydrocarbons. An alternative may be reduced reaction mechanisms that are applicable to solve the
problem and provide realistic description of the process. In this paper, the sensitivity analysis
technique of the mathematical model was used. It was developed by the authors to obtain a reduced
mechanism. The new technique has been developed for analyzing complex kinetic schemes and
reducing kinetic models to sizes acceptable from the point of view of accuracy of description and
ease of practical use. In this work, the global Sobol method was used to obtain a reduced model of
catalytic reforming of gasoline. The model parameters were determined by a global analysis of the
sensitivity of the functional of the mathematical model to the variation of the rate constants of the
stages. The least influential stages of catalytic reforming of gasoline were revealed. The influence of
the exclusion of these stages on the kinetics of the process from the chemical point of view is
investigated. The reduced scheme for the catalytic reforming of gasoline is proposed. It provides quite
satisfactory agreement both in temperature profiles and in concentration profiles of significant
substances. Keywords: catalytic reforming, mathematical model, chemical Kinetics, sensitivity
analysis, reduced model.

Introduction. The catalytic reforming process is the most important oil refining process in
Russia. It can solve the problem of increasing the octane number of gasoline and producing aromatic
hydrocarbons as an important raw material for petrochemicals. Potential area for finding the solution
to the aforementioned problem is catalytic reforming itself, namely, the reactor unit [1]. The most

promising solution is to optimize the operation of the reactor block, which requires detailed kinetic
model of the process based on the fundamental laws of flow that describes the basic laws of chemical
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transformations. The difficulty arises in connection with a large number of components of the reaction
mixture (it can reach 300) when developing the kinetic model [2], a large number of stages of
chemical transformations into which they can enter. Alternative may be reduced reaction mechanisms
that are applicable to solve the problem and provide realistic description of the process.

Various approaches are proposed to simplify the detailed mechanisms. One of them is based
on the grouping of individual hydrocarbons into groups according to various criteria, the most
important of which are hydrocarbons and the number of carbon atoms in the structure of the molecules
[3, 4]. Another approach is based on the reduction of the detailed reaction mechanisms using the
mathematical apparatus [5, 6], which is used in this work.

The computational technique for analyzing multistage chemical reactions based on its
mathematical model and assessing the sensitivity of the model parameters to changes in kinetic and
technological parameters were developed be the authors of the article [7, 8]. The sensitivity analysis
of mathematical model is becoming increasingly important in connection with the development of
computer technology and computer modeling of chemical-technological processes. The sensitivity
coefficients of the model, which are the relationship between the input and output variables of the
system, provide, on the one hand, important information for constructing, modifying and simplifying
the model, and on the other hand, are of great importance for the analysis of the uncertainty of
numerical modeling .

The assessment of the sensitivity of model to its parameters is used to solve the problem in its
classical formulation, the ranking of input parameters by the degree of their influence on the change
in the values of the output result. Sensitivity analysis is a standard approach for studying the influence
of model parameters on such quantities as temperature, pressure, the ratio of the components of the
reaction mixture in the field of hydrocarbon chemistry. This approach is acceptable in the narrow task
of studying one and several parameters. When the task is to study the entire reaction mechanism, such
an approach will turn out to be computationally expensive, inefficient and difficult to interpret the
results of the study. Since it will be necessary to analyze matrices of sensitivity coefficients of large
dimension, constructed for various conditions of the process (in particular, at different temperatures
and contact times). In this regard, an urgent scientific task is the development of a methodology for
the analysis of complex kinetic schemes and the reduction of kinetic models to sizes acceptable from
the point of view of accuracy of description and ease of practical use.

The sensitivity analysis was carried out in order to identify the parameters that have the least
effect on the catalytic reforming of gasoline under consideration in this paper. The reduced model
can be obtained by identifying these parameters with fewer input parameters.

Scheme of transformations of catalytic reforming of gasoline. The scheme is based on the
Iranshahi scheme [9]. The paraffin cracking reactions are represented by the total cracking reaction
of each paraffin to final light paraffins containing 1-5 carbon atoms in the molecule. The cracking
reactions of naphthenes (as well as paraffins) proceed to the final light hydrocarbons, i.e. with the
destruction of the cyclic structure. The reactions of destruction of the cyclic structure of naphthenes
are taken into account twice, and the formation of new naphthenes due to cracking of alkyl
substituents is not taken into account. The model [10] contains cracking reactions of light paraffins
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(ethane, propane and butane), although these reactions are practically impossible under reforming
conditions and do not affect the quality and quantity of the products obtained.

All the above disadvantages were eliminated in the model [11]. Paraffin cracking reactions
and cracking reactions of alkyl substituents of naphthenes and aromatic hydrocarbons are presented
separately and described by analogy with the Crane model [12]. Also added group components for
each class of hydrocarbons containing 10 and 11 carbon atoms. Xylenes and ethylbenzene are
combined into one group, since when reforming (the purpose of which is to obtain high-octane
gasoline components). It is enough to know only their total content.

In the kinetic model [11], the individual components are combined into 37 groups belonging
to the following classes: normal paraffins (nPi), iso-paraffins (iPi), five-membered naphthenes
(ACPj), six-membered naphthenes (ACH;) and aromatic hydrocarbons (Ai), where i is the number of
carbon atoms in the structure of the molecule. The final scheme includes 171 stages.

Mathematical model. The dimensions of the basic quantities were revised to account changes
in the number of moles in reaction. The change in concentration x;, expressed in mass fractions, is
replaced by the molar consumption of the component kmol/h. The molar flow rate of the reaction
mixture is formed from the molar flow rates of the components. The model requires accounting for
changes in the molar flow rate of the mixture.

It is necessary to take into account the use of adiabatic reactors for carrying out reactions with
a strong endothermic effect when developing a kinetic model of the process of catalytic reforming of
gasoline. Due to the use of adiabatic reactors for reactions with strong heat absorption, a significant
decrease in the temperature of the mixture is observed along the catalyst layer in the reactors. It is
necessary to take into account the thermodynamic parameters of the reaction components to describe
the nonisothermal nature of the process.

The mathematical model of catalytic reforming of gasoline, taking into account the change in
the concentration of reagents, the change in the number of moles of the reaction mixture and the
change in temperature of the mixture from the time of contact with the catalyst, has the form:
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with initial conditions: at 7 =0,x;(0) = x’, T(0) = T°, where vjj are stoichiometric coefficients of
chemical transformation schemes, J is the number of stages, xi is the molar flow rate of the i-th
component, (kmol/h) participating in the reaction, I is the number of components, w; is the speed of
the j-th stage (kmol/(h*kg cat.)), Ej* and Ej are the activation energies of the direct and reverse
reactions, respectively (J/mol), R is the gas constant equal to 8.31 J mol*K™?, T is the temperature
(K), aij and S are the negative and positive elements of the matrix (vij), respectively, k? and k. are
the preexponential factors of the forward and reverse reactions, respectively (kmol/(h*kg cat.)), zis
the conditional contact time (kg cat.), F is the molar flow rate (kmol/h), AHTfii is the enthalpy of

formation of the i-th component at temperature T, (J/mol), AHTfii is the enthalpy of formation of the

i-th component at 298 K, (J/mol), is the specific heat of the i-component at a temperature of T
J/(mol*K), ai, bi, ci, di, ej are the coefficients of the temperature dependence of the heat capacity of
the i-component.

It is possible to estimate the reaction time by changing the productivity on the base of the
mathematical description (1)-(6), (molar flow rate at the initial time) and the amount of loaded
catalyst. In the system of differential equations (1)-(6), a change in the molar flow rate of the mixture
without changing the composition does not lead to a change in the rates of the chemical reaction,
since the concentration remains unchanged. Thus, halving the molar flow rate causes the effect of
doubling the reaction time. In accordance with the changes in the mathematical model, one can take
into account the contact time of the reaction mixture with the catalyst, which is the function of its
flow rate and the amount of loaded catalyst.

Sensitivity analysis of mathematical model. The solution of the tasks in the framework of
sensitivity analysis contains the following main steps:

— determination of the list of key calculation parameters for which sensitivity analysis is
carried out;

— determination of the size of the intervals of variation and the nature of the laws of
distribution within these intervals on the basis of the level of knowledge about physical phenomena;

— determination of the required number of combinations of variable parameters (the number
of calculations performed) to ensure statistical reliability of the results;

— execution of calculations;

— processing and analysis of the calculated data obtained after carrying out sets of numerical
analyzes.

Many methods have been developed for determining the sensitivity of output parameters to
input [13-15]. The global Sobol method was used in this work to obtain a reduced model of catalytic
reforming of gasoline. The global sensitivity coefficient characterizes the contribution of the variance
Di of an individual parameter k;j to the total variance D of the analyzed function. To take into account
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the influence of the variable k;, full global sensitivity indices S*, proposed by A. Saltelli are used

[16]. The calculation of this indicator can be based on the calculation of the variance D.i obtained
because of changing all the parameters except for the k; parameter:

_D. 7

j#i

For analysis, aromatic hydrocarbons As-A11 were considered, isoparaffins iPs-iP7, alkyl
cyclopentanes ACPg, ACP7 and alkyl cyclohexanes ACHes-ACHs. The rest of the article will call these
substances significant.

The model parameters to be identified were determined by a global analysis of the sensitivity
of the functional of the mathematical model to the variation of the rate constants of the stages.
Functional is an additionally introduced function that characterizes the measure of proximity of
calculated values according to the existing and modified reaction schemes by disturbing its
parameters at different time instants:
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where x;*" are calculated values of the concentrations of substances obtained according to the original
scheme; xi*"? are calculated values of the concentrations of substances obtained by changing
(disturbing) the parameters in the circuit. As the initial values of the concentrations of substances ;"
with which the comparison was carried out, we took the values obtained by a numerical solution of
system (1)-(6) with the initial data.

The full global S;* sensitivity indices are used to rank the effect of all the rate constants of the
stages on the change in the functional values, which were calculated using formula (7). Integrals of
high multiplicity for determining dispersions were calculated by the quasi-Monte Carlo method.
Different values of the rate constants were generated (214 different sets) within a given range and,
using dispersion, we evaluated how the variation of the constants affects the change in the functional.
The constant of each stage varied within 5% of its value. It was assumed that the rate constants are
independent of each other. Since there was no information about the distribution of input parameters,
the parameter values for calculating the sensitivity coefficients were selected from a uniform
distribution.

The results of the study. The results of reduction depend on many factors [7], including the
choice of stage selection criterion. The values of the global sensitivity coefficients are normalized
and can take values from zero to unity. The greater the sensitivity coefficient, the more important is
the inclusion of this stage in the process scheme. The reduced reaction scheme includes only those
stages for which the sensitivity coefficient is greater than a certain given number (threshold value).
By setting this or that value or a set of values for the coefficients, it is possible to determine the degree
of simplification of the scheme and, accordingly, the accuracy of the process description by the
reduced scheme. In this problem, the stages were ranked by decreasing functional values, and the
criterion for reduction was as follows: the relative deviation of the calculated values of the
concentrations of significant reaction substances and temperature from detailed and reduced schemes

should not exceed 5%.
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Fig. 1 shows the temperature and concentration profiles of some substances. Gray vertical
lines show the separation of the reactor block into three reactors. The applicability of the reduced
mechanism was tested by comparing key features such as adiabatic temperature and component
concentration distribution. Comparison was carried out with the results of calculations according to
a detailed scheme. The reduced scheme provides quite satisfactory agreement both in temperature
profiles and in concentration profiles of significant substances.
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Fig. 1. Comparing the concentrations of substances and temperature (solid line shows the
calculations according to the detailed scheme, dashed line shows the calculations according to the reduced
scheme).

An analysis of the sensitivity of the functional model showed a low significance of the stages:
ACH11— nP11, ACH10— nP19, ACHg— nPgy, ACHs— nPg, ACH7— nP7.

Because the rate of the reverse reaction is much lower than the aromatization reactions of
naphthenes, the overwhelming majority of the starting materials of these reactions will be spent on
the dehydrogenation (aromatization) reactions of naphthenes. These stages can be discarded.

The similar situation with the stages presented below, taking into account the fact that the
starting materials of these reactions will be spent on naphthenes isomerization reactions:

ACP11— nP11, ACP10— nP19, ACPg— nP9, ACPs— nPg, ACP7— nP7;
ACH11— ACP11, ACH10— ACP19, ACH9— ACPgy, ACHs— ACPs.
For the same reasons, you can abandon the group of the following stages:
ACH311— iP11, ACH10— iP10, ACHg— iP9, ACHg— iPg, ACH7— iP7;
ACP11— iP11, ACP10— iP10, ACPg— iPg, ACPg— iPg, ACP7— iP7.

The sensitivity analysis of the functional of the model showed a low significance of the stages
nP11— P11 m IP11— nP11. Rather, it is associated with a low content of starting components. In the
case under consideration, these stages can be rejected; the concentration of the starting materials

should serve as a criterion for failure.
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Refusal from the following stages is explained by low concentrations of reacting components:
NP11— nPiot+ NP1, NP11— nPo+ NP2, NP11— nPs+ NP3, NP11— nP7+ NPy,
nP11— nPes+ nPs;
NPs— nPs+ NP1, NPs— nP3+ nP,,
iP11— P10+ NP1, iIP11— iPo+ NP2, iIP11— iPg+ NP3, iIP11— iP7+ NP4, iP11— iPs+ NPs.

The stages nP1o— nPg+ NP1, NP10— nPg+ NP2 have many similarities. The same components
act as starting reactants. If you look at the kinetic parameters, you can see that the reaction rate nP 10—
nPg+ nP2 higher reaction rate nP1o— nPo+ nP1. The reactions nPio— nPg+ NP2 do not significantly
affect the result, then the reaction nP1o— nPg+ nP1 also had to be excluded. As a result, both reactions
can be refused.

According to the results of the analysis, the stages are also subject to exclusion

ACH11— ACHio+ nP1, ACH11— ACHg+ nP2, ACH11— ACHg+ nPs3;
ACH10— ACHg+ nP1, ACH10— ACHsg+ nP2, ACH10— ACH7+ nPs3;
ACHs— ACH7+ nPy;

ACP11— ACP10+ nP1, ACP11— ACPi10+ nP1, ACP11— ACPg+ nP>,
ACP11— ACPs+ nPs;

ACP10— ACPg+ nP1, ACP1p— ACPg+ nP,, ACP10— ACP7+ nPs.

From a chemical point of view, one can explain the significant predominance of
dehydrogenation (aromatization) reactions of naphthenes over the reactions given above.

The sensitivity analysis also showed the low significance of the following stages:

nP11— ACHj1, nP1o0— ACHjio, NP11— ACHi1, nP11— ACP11, iP11— ACHis.

Although the influence of the reactions is not significant, we cannot refuse these reactions,
since they are basic in terms of the mechanism. A probable reason for the insignificant effect of these
reactions is the low concentration of the reacting components. As a result, the rejection of these re-
actions is not desirable.

Conclusion. The sensitivity analysis of the mathematical model of catalytic reforming of
gasoline is carried out. The least influential reaction stages are determined that do not affect the
general dynamics of changes in the concentrations of significant reaction substances. The shortened
reaction model is obtained by excluding these stages. Based on the results of the reduction of the
model, it is possible to raise the question of deleting not only these reactions, but also the rejection of
two group components:nP11 and iP11, with the addition of their content to the components nP1o and
iP10, respectively. It is possible to reduce the system of differential equations by two equations. The
reduced model does not provide the amount of information that is available in the calculation
according to the detailed scheme, but allows to obtain satisfactory results for significant substances.
The described functional sensitivity analysis procedure can be applied to a different set of reaction
substances and with other criteria, if necessary.
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Anaaun3 YYBCTBUTECJILHOCTH MaTeMaTH4eckoili MoaeJad KaTaJduTHYeCKOIr0 pI/I(l)OpMI/IHI‘a

OeH3MHA

JI. ®. Capnymmnal?, M. M. T'y6aiinyaann®, K.®. Koxeauna?, P. 3. 3aiiny1ann’**

'Bamkupckuii rocyrapcTBenHbIil yHuBepeuTer, r. Y da, Poccuiickas deeparnus
%Y puMcKwmii rocyapcTBeHHbIH He)TAHOM TeXHUUECKUH yHUBEpCHTeT, T. Y da, Poccuiickas denepamus
*UucTutyT HeTeXMMHUH U KaTanu3a, I. Yda, Poccuiickas deneparus

JUig u3yyeHus: OJJHOTO U3 BaXHEMIIMX MpoIlieccoB HedrenepepadboTKU — KaTAIUTUYECKOTO
pudopmuHra, TpedyeTcs qeTaau3upoBaHHas KUHeTH4Yeckast Moenb. [Ipu pa3paboTke KUHETHYECKON
MOJIENT BO3HUKAET CJI0’KHOCTH B CBSI3U C O0JIBIINM KOJMYECTBOM KOMIIOHEHTOB pEaKLIMOHHON cMecH
1 OOJIBIIUM KOJIMYECTBOM CTaJUN XUMHUYECKHX IMpeBpallleHuH. AJIbTepHATUBOW MOTYT OBITh
COKpAIllEeHHbIE MEXaHU3MbI PeakIiii, KOTOpble MPUMEHUMBI JJIsl pEIICHUs 3a7jaul U 00eCreunBaroT
pealuCTUYHOE oNKcaHue npoiecca. B nanHoi paboTe i MOIy4YEeHUs COKPAIIEHHOTO MeXaHU3Ma
UCIOJIb3yeTcsl pa3paboTaHHasi aBTOpaMU METOJMKA aHajln3a YyBCTBUTEIBHOCTH MaTeMaTH4eCKON
Mozenu. Cxema mpeBpallieHnil KaTanuTuyeckoro pudopmMuHra OeH3uHa, MpeaaoKeHHash aBTOpaMH,
BKimouaeT B ceb0s 171 craguro. VHauBuayalibHblE KOMIOHEHTHl OObenuMHEHBl B 37 rpymm,
OTHOCSIIIUXCS K CIEQYIOUIUM KJaccaM: HOpMallbHble NapaduHbl, U30-TapaUHbI, MATHYICHHBIE
HaTeHbl, IIECTUWICHHbIE HapTeHbl W apomMaThdyeckue yrieBojopoisl. IlpencraBieHa
MaTeMaTu4eckass MOJeNb KaTaJUTU4YeCKOro pu(OpMUHTa OEH3MHA, Y4YMTHIBAIOIIAs H3MEHEHHE
KOHIEHTPAIIM pEareHToB, M3MEHEHWE KOJIMYECTBA MOJIEH PEaKIMOHHOM CMECH M HM3MEHEHUE
TeMIepaTypbl CMECH OT BPEMEHM KOHTAaKTa C KaTaau3aTopoM. B naHHON pa®oTe aisl mojydeHus
penyLUpOBaHHOW MOJEIN KaTaJIUTUYECKOro pu(opMuHra OeH3MHA HCHOJIb30BAJICS ITI0OATbHBIN
meton CoGousia. [lapameTpbl Mozeny, NOIJIEXKALIME MCKIOYEHUIO, ONPEACISUINCh IIyTeM
rJ100aJIbHOTO aHalIM3a YYBCTBUTEIBHOCTH (DYHKI[MOHAJA MAaTeMaTHYECKOW MOJENM K BapHaLUU
KOHCTaHT cKopocTel cTanuil. PazpaboTana HOBas METOIMKA aHAJIM3a CIO0XKHBIX KHHETUYECKUX CXEM
U PEIyLIUPOBAHUSA KHHETUYECKUX MOJENEH 0 pa3MepoB, NPUEMIIEMBIX C TOYKH 3PEHUS TOYHOCTHU
OIMCAHUA U IPOCTOTHI PAKTUYECKOTO UCIIOJIb30BaHUsA. BBISBICHBI HAMMEHEE BIMATEIBHBIE CTaUU
KaTaJIMTU4eCKOro pudopmuHra O6eHszuHa. MccnenqoBaHo BIMSHUE MCKIIOYEHUS JAHHBIX CTaUi Ha
KMHETUKY IIpoLecca C XHMHYECKOM Touku 3peHus. Ilpemnoxena penynupoBaHHas cxema
KaTaJIuTH4ecKoro pucdopmuHra OeH3uHa. PenynupoBaHHas cxema 00eCHeyuBaeT —BIIOJIHE
YJIOBJIETBOPUTEIBHOE COTJIACHE KaK MO MPO(UIISIM TeMIEpaTypbl, TaK U IO MPO(UIISIM KOHIEHTpaLUi
3HauUMMBIX BewlecTB. [IpoBeneH  aHanmM3  YyBCTBUTEIBHOCTHM  MaTeMAaTUYECKOM  MOJAEIU
KaTaJIMTU4eCKOro pudopmunra 6enzuna. OnpeseneHbl HaMMEeHee BIUSATENbHbIE CTaIUU PeaKiiy, He
BIMSIOIIME Ha OOLIYI0 JMHAMUKY H3MEHEHMs KOHLIEHTPALUH 3HAYMMBIX BEILECTB PEaKIHH.
ITonyuena cokpanieHHast MOJENb PEAKIIUU UCKIIFOUEHUEM JaHHBIX CTaJnM.

KiroueBble cj0Ba. KaTaJIUTHUYCCKUU pI/I(I)OpMI/IHF, MaTeéMaTHu4dCCKasd MOACIJIb, XUMHNYCCKas
KHHCTHKA, aHaJIN3 YYBCTBUTCIILHOCTH, pCAYLIUPOBAHHAA MOACIIb.
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