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B nacmosnuiee epema npoyecc 2uoOpoKpeKunza maxiceno20 Hepmanozo Colpbs AGNACHICA
O0OHUM U3 OCHOBHBIX RPOUECCO8, NO3BOTIAIOWUX ROGLICUMb 2YOUHY nepepadomKu Hegpmu u no-
Jy4ams KOMROHEHMbL MOMOPHBIX MONJIUE 8bICOKO20 KAYeCHEd, 8 MOoM Hucile KOMNOHEHmMO08 Ou-
3€/1bHO20 MONJIUGA C YIIYUUIEHHbIMU HU3KOMEMREPAMYPHLIMU Céolicmeamu. B oannoit cmamoe
npeocmaenen 0030p cyuwiecmeyruux n00X0008 K MOOEIUPOSAHUIO U PA3PAOOMAHHBIX Mooelell
npoyecca 2UOPOKPEKUHZA MANCEN020 Hehman020 colpba. O0beKmom UCCc1e006aHUA ABIACHICA
npouecc zuOpOKpeKuH2a 6aKyymMHoz2o 2a3oiiisa. B pabome npeonoicena cxema xumuueckux npe-
epauieHuil 8 npoyecce ZUOPOKPEKUNH2A U MAMEMAMUYECKAA M0Oeb npoyecca. OmauuumenvHoil
0COOEHHOCHBIO NPEOSIONHCEHH O CXEMbl XUMUYECKUX NPesPauieHUll U MOOeaU ABIAEMCA yuem pe-
aKuuii 2uOPOKpeKUH2a UHOUGUOYANbHBIX H-napadunos. Codepicanue UHOUBUOYATbHBIX H-RAPA-
¢unos 6 coipve npouecca (6aKyymMHoOM 2a3oline) HO YUCILY AMOMOE Y21epood 8 MoJleK)y/ie npeono-
JHCEeHO onpedenamsb UCX00A U3 PACHPeOeIeHUs CAYYAUHOIN 8eIUYUHbL, UCNONb3YA 6 Kauecmee
¢ynuxkyuu nnomuocmu eepoamuocmu ynkuyuro I'aycca. Peakyuonnas cnocoo6nocmov uHOu6uoy-
AIbHBIX H-NAPAPUHOE 6 PeaKuUuu ZUOPOKPEKUH2A YUUMbIEACHCA 8 MOOE/IU Yepe3 mePpMOoOUHAMU-
YyecKue XapaKmepucmuKku peaKyuii 2UOPOKPEKUH2A Ka)ic0020 OMOeIbHO20 H-napagduna, onpede-
JIEHHblEe C UCNOJIb308AHUEM KBAHMOBO-XUMUYECKUX Mem0006. Pacuem demanwvnozo cocmasa ye-
J1€6020 RPOOYKmMa npouecca — OU3eabHO20 MONTUEA — C YUEMOM COOEPHCAHUA UHOUBUOYATILHBIX
H-napagunoe no3eoaaem onpedeums €20 NPEOeNbHYI0 MeMnepamypy Quibmpyemocmu, Komo-
Pas 6 HaAUboONbUIETl CIMEeNneHU 3a8UCUmM OM COOePIHCcanusn H-napagunos. Pazpabomannasn demann-
Has Moodenb npoyecca ZUOPOKPEKUH2aA 8AKYYMHO20 2a30i/11 6KAI0OYUAEm YPAGHEHUA 01 pacuema
U3MeHeHUs KOHYEeHmMPAayuu peazupyrouux KOMnOHEHMO08 U yPAGHeHUe 01 paciema usmMeHeHus
memnepamypul npoyecca. IIpednoicennslii n00X00 K MOOEAUPOBARUIO NPOUECCA ZUOPOKPEKUH2A
n036071UM ONMUMUUPOSAMb NPOUECC C YUEHIOM 0eMaAbHO20 COCMA8a 0l NOJIyYeHUs MAKCU-
MANbHO20 8bIX00A HU3KO3ACHIBIEAIOULE20 OU3EbHO20 MONIUEA.
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Currently, the process of hydrocracking of heavy petroleum feedstocks is one of the main
processes that makes it possible to increase the depth of oil refining and to obtain high-quality
motor fuel components, including diesel fuel components with improved low-temperature proper-
ties. In this paper, a review on the existing modelling approaches and models of the heavy oil feed-
stock hydrocracking process is presented. The object of the research is the process of vacuum gasoil
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hydrocracking. The work proposes the scheme of chemical transformations in the process of hy-
drocracking and the model of the process. The distinctive feature of the proposed chemical trans-
formations scheme and a model is taking into account the hydrocracking reactions of individual n-
paraffins. It is proposed to determine the content of individual n-paraffins in the feedstock of the
process (vacuum gas oil) by the number of carbon atoms in the molecule based on the probability
distribution, using the Gaussian function as a probability density function. The reactivity of indi-
vidual n-paraffins in the hydrocracking reaction was taken into account via thermodynamic char-
acteristics of the reactions of each individual n-paraffin determined using quantum-chemical
methods. The calculation of the detailed composition of the target diesel product including the con-
tent of n-paraffins provides determination of cold filter plugging point, which is influenced by the
content of n-paraffins to the most extent. The developed detailed model of vacuum gasoil hy-
drocracking process includes the equations for calculation of changes in concentrations of reacting
component and change in the temperature of the process. The proposed approach to the modelling
of the hydrocracking process makes it possible to optimize the process taking into account the de-

tailed composition to get the maximum yield of low freezing diesel fuel.

Keywords: vacuum gas oil, hydrocracking, paraffin, mathematical model
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INTRODUCTION

Due to the increasing volume of unconven-
tional heavy oil production, oil refining is faced with
the need to process an increasing volume of heavy oil
feedstock [1]. The process of heavy oil feedstock hy-
drocracking is one of the most important processes in
modern oil refining. In this process, in the high-con-
centrated hydrogen gas medium, under the action of a
bifunctional catalyst, less valuable straight-run heavy
oil fractions are converted into more valuable fuel
products [2]. The most valuable target product is diesel
fuel, which has a fairly high cetane number and a rela-
tively low contents of sulfur and aromatics [3, 4].

To increase the production of high-margin
products, improve their quality, reduce the production
costs of oil refineries (consumption of energy re-
sources, auxiliary materials, reagents, fuel additives,
extending the service life of expensive catalysts), com-
puter systems based on mathematical models are
widely used for modeling, planning and optimization
of production processes. Mathematical models devel-
oped based on the fundamental laws of processes are
of the greatest value, because they are universal and
can be used for various industrial objects in a wide
range of parameters [5-7].

To date, a number of mathematical models of
the hydrocracking process were developed. Stangeland
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developed a method of discrete grouping for modeling
of the kinetics of transformations in the hydrocracking
process, based on ordinary differential equations with
a product distribution function [8]. This function is
based on the boiling points of each pseudo-component
characterizing the fraction. The model includes three
parameters A, B, and C. Parameter A contains the re-
action rate constants, while the distribution of yields is
described by parameters B and C. An assumption is
made about the first order of reactions, which simpli-
fies the model. The authors [9] improved the kinetic
model of the two-stage vacuum gas oil hydrocracking
process that was proposed by Stangeland. Feedstock
and products were divided into 23 pseudo-components
and it was assumed that the reactions are pseudo-ho-
mogeneous and have the first order. Each group of
components is characterized by a range of boiling
points. Almeida and Guirardello presented a five-com-
ponent model for hydroconversion of a vacuum residue
[10]. For the kinetic model, 26 coefficients were esti-
mated. The reactions between the micro-carbon resi-
due and the light residue were assumed to be reversi-
ble, while the other reactions were assumed to be irre-
versible. In this model, thermal and catalytic reactions
were considered as occurring in parallel. Using the true
boiling points and the number of carbon atoms as the
basis for determining hydrocarbon fractions, Bal-
asubramanian and Pushpavanam developed a kinetic
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model for vacuum gas oil hydrocracking based on dis-
crete grouping [11]. In this Kinetic model, three differ-
ent stoichiometric components (arbitrary splitting,
symmetrical and exponential) were used to determine
the nature of the reactions and the distribution of prod-
uct yields. So, an arbitrary splitting was proposed for
both bases of the model — the true boiling points and
the number of carbon atoms, an exponential form was
proposed for the true boiling points of the group model,
a symmetric form was proposed in the group model for
the number of carbon atoms. To simulate hydrocrack-
ing reactions, the model includes five groups (gases,
gasoline, kerosene, gas oil, residue). Krishan and Bal-
asubramanian proposed an analytical solution for the
kinetic model based on the complete stoichiometric
discrete group model [12]. In this study, the general ba-
sis of the true boiling points of the discrete hydrocrack-
ing model was taken into account for cracking reac-
tions occurring between groups. The authors made the
assumption that cracking is a binary process in which
only two products are formed in each cracking reac-
tion. Also, the assumption is made that the cracking re-
actions are irreversible and have the first order. Using
the method of the group first-order kinetics, the authors
[13] developed a model that describes the hydrocrack-
ing of vacuum gas oil in a laboratory reactor filled with
a zeolite catalyst. The proposed model divides the
stream into 4 groups: vacuum gas oil, distillate, naph-
tha and gas. The model contains 12 kinetic parameters,
which are determined from experimental data. In this
study, three reaction routes and one activation energy
coefficient were omitted. Thus, the number of coeffi-
cients is reduced to five. The study [14] presents a
group model for the hydrocracking of a vacuum resi-
due from Maya oil. The model includes 4 group com-
ponents: products with the boiling point > 450 °C,
products with the boiling point < 450 °C, gas and coke.
Kinetic parameters were estimated based on experi-
mental data obtained in a batch reactor at three temper-
atures (400 °C, 425 °C and 450 °C) and four residence
times (10, 30, 60 and 90 min). The authors [15] used a
computer algorithm to develop a scheme of elementary
stages, including carbenium ions for the hydrocracking
of paraffins, taking into account all reactions of each
molecule. Due to the molecular approach, the number
of kinetic parameters that describe the kinetics of hy-
drocracking is limited. The model based on the single
event method was improved by Vynckier and Froment
for the complex feedstock and includes a description of
group coefficients in order to formulate reaction rate
equations [16]. Topil’nikov and Sosna created a
scheme of transformations and a mathematical model
of the paraffin hydrocracking based on the literature
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data [17]. To simplify the system and reduce the num-
ber of equations, all isomers having the same molecu-
lar weight and the number of methyl substituents were
combined into groups. When compiling the system of
kinetic equations, the following groups were consid-
ered (for carbocations, paraffins and olefins: N(s) —
straight-chain, MB(s) — monobranched secondary,
MB(t) — monobranched tertiary, DB(s) — dibranched
secondary, DB (t) — dibranched tertiary, TB(s) — tri-
branched secondary, TB(t) — tribranched tertiary, P —
paraffins, O — olefins). Further, the authors developed
a kinetic model of the n-paraffin hydrocracking based
on the proposed groups of components, the theory of
the activated complex, and the principle of a single
event [18]. Based on the activated complex theory, it
was assumed that the reaction rates of isomers with the
same number of methyl substituents constituting a
group of components are equal. In addition, the model
takes into account the gas-liquid equilibrium using the
Langmuir isotherm. The authors [19] developed a
model for the hydroconversion of a vacuum residue in
a slurry phase. The model consists of 21 groups repre-
senting hydrocarbons, takes into account the consump-
tion of hydrogen and calculates reaction rates through
molar concentrations. In addition, vapor-liquid mass
transfer and vapor-liquid equilibrium are taken into ac-
count. The authors [20] used the support vector ma-
chine, the group kinetic model and data obtained at the
Tehran refinery, Iran to predict the yield of hy-
drocracking products. Several key parameters were
used to evaluate the behavior of the support vector ma-
chine, including the minimum calculated quadratic
correlation coefficient. The output variables of the
model were optimized for hydrocracking products. The
Kinetic parameters and root-mean-square errors were
calculated for 4-component kinetic model. The study
[21] presents a mathematical model based on the gra-
dient boosting machine learning method, which pre-
dicts the value of the sediment content in the atmos-
pheric residue of a tar hydrocracking unit, which can
be used as a tool for continuous monitoring of the in-
dicators of the resulting product and operational pro-
cess control, which will reduce the quality margin and
maintain maximum plant conversion and economic ef-
ficiency, as well as reduce unwanted equipment con-
tamination and increase equipment run times. Fan and
Long modeled an industrial hydrocracking unit using
the Aspen HYSY'S program [22]. According to a data
set from one of the Chinese refineries, key parameters
to which product yield is sensitive have been opti-
mized. It is shown that a model that predicts the yield
of certain products describes industrial data well.
Based on the corrected model, the influence of the
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properties of feedstock on the distribution of products
was studied. The calculation results show that there is
a linear correlation between feedstock and mass yield
of products, which indicates that the calculation results
can be used directly as delta base values for a linear
programmable model used in production planning. The
authors [23] simulated the hydrocracking unit using the
Aspen HYSY'S software. The model can be used to pre-
dict failures in the operation of a hydrocracking unit.

Thus, the models based on the grouping of re-
actants by fractions, as well as more detailed models,
which are based on the aggregation of the reactants by
groups: paraffins, naphthenes, aromatic hydrocarbons,
were developed for the hydrocracking process. The de-
tailed models (especially single event models) describe
product characteristics (yield, PNA distribution) far
more accurate than models, based on lumping ap-
proach. The first models then can be used for predict-
ing of compositions in terms of individual molecules.
Also, these models provide the detailed kinetic de-
scription of the individual molecules and can be ap-
plied as a research tool. Some drawbacks of the de-
tailed models include their complexity, requirements
of large computational resources, expensive analytical
methods, as well as large number of parameters to be
estimated from experimental data, which make them
inapplicable for industrial objects. The models devel-
oped according to the lumping approach are useful for
practical applications, for example, for the design and
operation of the industrial hydrocracking units. But, in
these models the chemistry of the process is not fully
taken into account. The developed models do not take
into account n-paraffin distribution and their reactivity
in the target hydrocracking reaction. Thus, the numer-
ical description of distribution of n-paraffins mass con-
tents and their reactivity in the target hydrocracking re-
action is a useful contribution to the methodology of
the modeling of the hydrocracking process and. From
the practical point of view, the developed model can be
used not only for prediction of the yield of diesel fuel,
but also its crucial operational characteristics such as
cold flow properties and the cetane number.

In our previous work, we developed an ap-
proach for modeling of the petroleum distillates hydro-
processes, based on the chemical transformations of
hydrocarbons, the reactivity of n-paraffins in the target
reaction of hydroprocesses — the hydrocracking reac-
tion, as well as the non-stationary nature of the pro-
cesses due to catalyst deactivation and changes of feed-
stock composition [24]. The developed approach was
applied for modeling of the catalytic hydrodewaxing
process. A mathematical model was created in several
main stages. An analysis of experimental data on the

98

composition of feedstock and products, as well as ex-
isting knowledge about the chemistry and mechanism
of the process. On the basis of the analysis, a scheme
of chemical transformations was drawn up. A method
for recalculating of the feedstock fractional composi-
tion into a group composition was developed. Func-
tional dependences of the long-chain n-paraffins con-
tent in the feedstock on the number of carbon atoms in
the molecule were revealed. The relationships of n-par-
affins reactivity in the target reaction (hydrocracking
reaction) under the conditions of the industrial hy-
drodewaxing process were established. A system of
equations of a non-stationary mathematical model of
the process was compiled, taking into account the dis-
tribution of n-paraffin mass content in the feedstock
and their reactivity in the target reaction.

The processes of catalytic hydrodewaxing and
hydrocracking are similar. Namely: the processes pro-
ceed in a hydrogen medium on bifunctional catalysts;
feedstocks are fractions of complex compositions, the
determination of which is a labor-consuming and ex-
pensive procedure. In these processes, the target reac-
tion is the selective hydrocracking of n-paraffins. The
most valuable target product is diesel fuel. Similar
mechanisms of catalyst deactivation are observed.
Similar process technologies are used for the pro-
cesses. Processes due to the changing composition in
the feedstock and deactivation of the catalyst have non-
stationary nature. Thus, the identified earlier regulari-
ties and the approach to modeling of petroleum distil-
lates hydroprocesses, developed on the example of the
hydrodewaxing process, can be applied for the model-
ing of the heavy oil feedstock hydrocracking process.
Also, for the hydrocracking process, the simplest group
scheme of transformations and the simplest kinetic
model was developed, as well as a program code was
compiled for solving the equations of this model [25, 26].
From the scientific point of view, this model does not
fully reflect the regularities of the hydrocracking pro-
cess and a more detailed study of the physicochemical
laws and the development of a mathematical model
according to the approach described above are the
vital tasks.

Taking into account the fact that one of the tar-
get reactions in the hydrocracking process is the hy-
drocracking of n-paraffins, the reactivity of n-paraffins
in this reaction under industrial conditions and its nu-
merical description is of the greatest interest. This is
because the total content of n-paraffins and the distri-
bution of n-paraffins content by the number of carbon
atoms determine to the greatest extent the cetane num-
ber and low-temperature properties of the resulting die-
sel fuel, as well as the effectiveness of additives that
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improve the low-temperature properties of diesel fuel
[27, 28].

The aim of this work is to reveal and numeri-
cally describe the relationships between n-paraffins
content in the feedstock of the hydrocracking process
(vacuum gas oil) and their chain length. It allows us to
establish relationships between the reactivity of n-par-
affins in the target reaction of hydrocracking and the
number of carbon atoms in the molecule at different
position of bond cleavage in order to develop a detailed
mathematical model of the vacuum gas oil hydrocrack-
ing process.

EXPERIMENTAL

The object of research is the process of vacuum
gas oil hydrocracking. The most common technology
of the hydrocracking process is two-stage hydrocrack-
ing. In the two-stage variant, hydrotreatment, feed-
stock hydrogenation and partial hydrocracking are car-
ried out in the first stage, while the main hydrocracking
proceeds in the second stage. In this case, a higher
depth of conversion of heavy feedstock is achieved
[29]. The feedstock of the hydrocracking process is
vacuum gas oil with a boiling range of 350-500 °C. The
following main products are obtained in the process:
liquefied hydrocarbon gas, light gasoline fraction,
heavy gasoline fraction, kerosene, diesel fuel. By-
products include hydrocarbon gas, hydrogen sulfide,
ammonia, unconverted residue.

Hydrocracking catalysts are bifunctional, that
is, they have both acidic active sites, on which cracking
and isomerization reactions occur, and metal active
sited, on which hydrogenation-dehydrogenation reac-
tions occur. Zeolites, aluminosilicates and aluminum
oxide are used as the acid components. The metals
from group VIII (nickel, cobalt) and group VI (molyb-
denum, tungsten) are used as hydrogenating compo-
nents [30].

N.S. Belinskaya

The process kinetic description is based on the
chemical transformations scheme. The level of detail
of chemical transformations in the modeling of a par-
ticular process largely depends on the possibility and
complexity of determining the compositions of feed-
stock and products. The feedstock of the hydrocrack-
ing process is a heavy fraction of vacuum gasoil, which
detail composition is determined via a complex proce-
dure [31]. Therefore, the development of a detailed
scheme of chemical transformations, taking into ac-
count all the stages of the reaction mechanisms, is in-
appropriate for this process. Simplified chemical trans-
formation schemes based on combining reactants into
groups, and reactions into groups of reactions, describe
the chemical nature of complex oil refining processes
with a fairly high accuracy. The group composition of
heavy oil fractions, including vacuum gas oil, is deter-
mined using liquid adsorption chromatography, high
temperature gas chromatography, and multi-dimen-
sional chromatography.

For the purpose of hydrocracking process
modeling, the following key components were identi-
fied: n-paraffins C,,-Cao, n-paraffins Cs-Co1, i-paraffins
Cx-Cao, i-paraffins Cs-Ca1, hydrocarbon gas, naph-
thenes, aromatic hydrocarbons, resins, coke, hydrogen.
The reactions are combined into the following key re-
actions: hydrocracking of C22-Co n-paraffins (individ-
ually for each n-paraffin), isomerization of n-paraffins
C22-Cao, cracking of i-paraffins C,-Cao, iSomerization
of n-paraffins Cs-C,1, hydrocracking of naphthenes,
hydrogenation of aromatic hydrocarbons, formation of
coke from aromatic hydrocarbons, formation of coke
from resins. Reactions without the participation of hy-
drogen are of the first order, reactions with the partici-
pation of hydrogen are of the second order. Fig. 1
shows the chemical conversion scheme in hydrocrack-
ing process.

kez
N-paraffins C3;-Cap p |-paraffins Cy,-Cao Aromatics
kim | +H2 ka | +H; ks
A 4 ks ¥ h 4
N-paraffins C5-Cy1 »  |-paraffins Cs-Cy1 ks | +H; Coke
A A
ks ks | +H; ko
A
Hydrocarbon gas Naphthenes < Resins

Fig. 1. The scheme of chemical transformations in the process of vacuum gas oil hydrocracking. m — the number of the reaction in the array of
n-paraffin hydrocracking reactions (m = 1-19 assigned accordingly to the number of carbon atoms in n-paraffin molecule x = 22-40); kim — the
array of rate constants of hydrocracking reactions of individual n-paraffins C22-Cao; k2 — ko — rate constants of the reactions
Puc. 1. Cxema XUMHYECKHX IIPEBpALEHHU B poliecce THAPOKPEKUHIAa BAKYYMHOT'O Ia30MIs. M — HOMEp PeakLUy B MaCCUBE PEAKLIMiA TH]I-
POKpeKHHra H-rapadgunoB (M = 1-19 Ha3HayaeTCst COOTBETCTBEHHO YHCITY aTOMOB YIJIepojia B MOJIeKyJIe #-miapaduna X = 22-40); kim — MaccuB
KOHCTAHT CKOPOCTEH peakinii THAPOKPEKMHIa HHIMBHAYaTbHBIX H-1apaguaoB C22-Cao; K2 — Ko — KOHCTaHTBI CKOPOCTEH peakiiuii
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Tabonuya

CpaBHe}me 3HAYEHHUI MaccoOBOIo CoIepKaHusA H-Hapa(l)I/IHOB B BAKYYMHOM ra301‘7me, PaCcCYUTAHHBIX IO YPaBHE-
Huio (1), 1 IKCIEPUMEHTAILHBIX 3HAYEHHUH, moJTy4eHHbIX 110 [32]. O0uee MaccoBoe coaep:kanue H-napaguHOB co-
crasiaser 18,40 % mac.

Table. Comparison of the values of n-paraffins mass content in vacuum gas oil, calculated by equation (1), and the
experimental values obtained by [32]. The total mass content of n-paraffins is 18,40 %wt.

Number of carbon atoms in the n-paraffin molecule

22 23 25 26
N-paraffin content, %wt.
calc. exp. calc. exp. calc. exp. calc. exp. calc. exp.
1.44 1.45 1.47 1.55 1.44 1.50 1.36 1.30 1.23 1.09
Number of carbon atoms in the n-paraffin molecule
27 28 30 31
N-paraffin content, %wt.
calc. exp. calc. exp. calc. exp. calc. exp. calc. exp.
1.07 0.98 0.89 0.82 0.71 0.70 0.55 0.61 0.41 0.38
Number of carbon atoms in the n-paraffin molecule
32 33 35 36
N-paraffin content, %wt.
calc. exp. calc. exp. calc. exp. calc. exp. calc. exp.
0.29 0.30 0.2 0.25 0.13 0.19 0.08 0.10 0.05 0.07
Number of carbon atoms in the n-paraffin molecule
37 38 40
N-paraffin content, %wt.
calc. exp. calc. exp. calc. exp. calc. exp.
0.03 0.03 0.02 0.02 0.01 0.01 0.00 0.01

In order to reveal and numerically describe the
relationships between the mass content of n-paraffins
and their chain length, the compositions of heavy oil
fractions presented in [32-37] were analyzed. It was
found that the distribution of the mass content of n-par-
affins in petroleum distillates by the number of carbon
atoms in the molecule obeys the normal distribution
(Gauss distribution) with a deviation to the right (pos-
itive distribution):

_ L
Ciwynpar (x) = C(w)npar “oven e 2o/, (1)

Ciw)npar — the mass content of individual n-par-
affins, %wt.; Cwnpar — the total mass content of n-par-
affins, %wt.; x — total number of carbon atoms in n-
paraffin molecule; o — the standard deviation of the dis-
tribution; x — mode of the distribution (o and u are de-
termined using experimental data on the feedstock
composition: o =5, u = 23).

The calculation error does not exceed the error
of experimental methods for determining the mass con-
tent of n-paraffins in petroleum distillates. Thus,
equation (1) accurately enough describes qualitative
and quantitative relationships between the mass con-
tent of n-paraffins in vacuum gas oil and the chain
length for the purpose of developing a detailed math-
ematical model.

One of the target reactions of the vacuum gas
oil hydrocracking process is the hydrocracking of n-
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paraffins. For a numerical description of n-paraffins re-
activity in hydrocracking reactions, the probability of
reactions involving n-paraffins with a different number
of carbon atoms in the molecule and the probability of
C—C bond cleavage at different position in n-paraffin
molecule (vm) were determined.

The reactivity and bond cleavage probabilities
were determined on the basis of the thermodynamic
characteristics of hydrocracking reactions under indus-
trial process conditions (the temperature of 360 °C, the
pressure of 16 MPa). The reactions include hy-
drocracking of n-paraffins C,-Cao. For each of n-par-
affin C,,-Cao hydrocracking reactions the products, that
are considered, include n-paraffins, formed by cleav-
age of bonds from the one located at the first atom in
the chain to the central bond of the molecule. To deter-
mine the thermodynamic parameters, it is possible to
use reference books, but the number of components de-
scribed in them is limited and there is no possibility of
studying the influence of pressure. For the substances
and technological conditions, which are not presented
in the reference books, the thermodynamics studies are
most often carried out using quantum chemical calcu-
lation methods implemented in specialized software.
The models of n-paraffins and hydrogen molecules
were built in GaussView. To calculate the thermody-
namic properties of these molecules, the quantum-
chemical method of the DFT theory, implemented in
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the Gaussian software product [38] (the B3LYP model
(Becke's density functional theory (B3)), Lee Yang and
Par correlation (LYP)), basis 3-21G) were used. This
method was chosen after comparison of the reference
values [39] and the results of calculations of thermody-
namic parameters for low molecular weight n-paraffins
(from CsHi, to CoHo) and hydrocracking reactions of
these n-paraffins by the methods which are most com-
monly used in computational chemistry, such as sem-
iempirical method PM3 and nonempirical method DFT
[40]. The values calculated by DFT (B3LYP model)
were more accurate and the calculation error does not
exceed 7% compare to the reference values. The use of
this method also reflects other works in the literature
on studying n-paraffins, for example [41]). The change
in the Gibbs energy during the reactions was calculated
according to the Hess’s law.

The revealed dependences of the change in the
Gibbs energy in the n-paraffin hydrocracking reactions
upon bond cleavage at different position in the mole-
cule and obtained on their basis the probability func-
tions of bond cleavage at different position in n-paraf-
fin hydrocracking reaction are presented in Fig. 2 and
Fig. 3 respectively for n-paraffin C4oHsz. Dependences
for the reactions of n-paraffins with the number of car-
bon atoms in the molecule from 22 to 39 have the sim-
ilar form.

The number of a carbon atom in the n-paraffin CyHg; molecule
{position of a bond cleavage)
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Fig. 2. Change in the Gibbs energy in hydrocracking reactions of
n-paraffin CaoHs2 at different position of bond cleavage
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Fig. 3. Probability of bond cleavage at different position in hy-
drocracking reaction of n-paraffin CsoHs2
Puc. 3. BepoaTHOCTb pa3phiBa CBA3U B Pa3HbBIX IIOJIOKCHUAX B pe-
aKIuH TuApoKkpeKknHra #-napaduna CaoHsz

The reaction rate constant is determined by the
values of the energy and entropy factors. The energy
factor (activation energy) characterizes the energy bar-
rier that molecules must overcome for a reaction. The
entropy factor characterizes the probability of a reac-
tion occurring in a collision. Paraffin hydrocracking re-
actions are structurally sensitive. Therefore, the en-
tropy component included in the equation for calculat-
ing the Gibbs energy is different for paraffins with dif-
ferent chain lengths.

Numerically, the probability of bond cleavage
at a particular position in the n-paraffin molecule is in-
corporated into the model of the hydrocracking process
in the form of a bond cleavage probability matrix de-
veloped on the basis of the thermodynamic probability
of bond cleavage at different position. In the equations
of the model, the reaction rate is multiplied by the
probability of reactions, which makes it possible to re-
flect the regularities of the reactivity of paraffins.

RESULTS AND DISCUSSION

Taking into account the revealed relationships
on n-paraffin mass content distribution in vacuum
gasoil and their reactivity in the target reaction, math-
ematical model of the vacuum gas oil hydrocracking
process is written as follows:

dc;
(= S0 Tl tacae(®) ky - Ci(1) + I02, Cy D32y acae (1) - k- Ci(T) +
! + Zf?par=1 CHz Zfrf:l Zzle Zyl:xi iacat(‘f) ) klm(x) ) Cnpar(x) "Vm (x' x,) (2)

dT 1
| =l o 4@ Ky GO

Ci — the contents of reacting substances, mol/l;
Cnpar — the contents of n-paraffins, mol/l; ki — the rate
constants of the reactions, in which hydrogen does not
participate; k, — the rate constants of the reactions,
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which involve hydrogen; kim — the array of rate con-
stants of hydrocracking reactions of individual n-par-
affins C2,-Cao; Vm — the probability of bond cleavage in
different positions in the molecule in hydrocracking of
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n-paraffins; z — the residence time, s; T — the tempera-
ture of the process, K; C,™ — the heat capacity of the
mixture, J/mol-K; j — the index of the reaction; AH; —
the change in Enthalpy of the reaction, kJ/mol; x — total
number of carbon atoms in n-paraffin molecule; x' —
the number of a carbon atom at which a bond breaks
(the position of bond clevage) in the n-paraffin mole-
cule; x4, Xn — the number of carbon atoms in the shortest
and the longest n-paraffin, respectively (in case of vac-
uum gas oil x1 = 22, X, = 40); x'1 — the number of a
carbon atom in the molecule, which represents the po-
sition of bond cleavage in the n-paraffin molecule be-
tween the first and the second carbon atom, x'; = 1; X's
— the number of a carbon atom in the molecule, which
represents the position of bond cleavage in the n-par-
affin molecule in the center of the molecule; i —the in-
dex for the groups of hydrocarbons; npar — the index
for n-paraffins Cx-Cao (n-par = 1+19 assigned accord-
ingly to the number of carbon atoms in n-paraffin mol-
ecule x = 22-40); | — the number of a reaction in which
hydrogen does not participate (according to the chem-
ical transformation scheme | = 2; 4; 5; 8; 9); n — the
number of a reaction, which involve hydrogen (accord-
ing to the chemical transformation scheme n = 3; 6; 7);
m — the number of a reaction in the array of n-paraffin
hydrocracking reactions (m = 1+19 assigned accord-
ingly to the number of carbon atoms in n-paraffin mol-
ecule x = 22-40); p1 — total number of reactions in
which hydrogen does not participate; p, — total number
of reactions, which involve hydrogen; ps — total num-
ber of hydrocracking reactions of n-paraffins; ps — total
number of reactions; s — the number of hydrocarbon
groups participating in the reactions, in which hydro-
gen does not participate; s, — the number of hydrocar-
bon groups participating in the reactions, which in-
volve hydrogen; s; — the number of n-paraffins partic-
ipating in the hydrocracking reactions; aca — the rela-
tive catalyst activity (catalyst activity, determined rel-
atively to the activity of the fresh catalyst, which is
considered equal to 1).

Initial conditions: z=0Ci=Cijo T = T.

The first term in the material balance equation
describes the reactions, in which hydrogen does not
participate, the second term describes the reactions,
which involve hydrogen. The third term describes the
hydrocracking reactions of n-paraffins, including con-
sideration of initial contents of individual n-paraffins,
which are determined according to the methodology
explained in section 3.2 and consideration of n-paraf-
fins behaviors (bond cleavage at different positions
in the molecule) in hydrocracking reaction via mul-
tiplication of a reaction rate constant by the bond
cleavage probability in different positions in the
molecule of n-paraffin.
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The process of vacuum gas oil hydrocracking
is a complex industrial process. In this process a heavy
oil feedstock with a complex composition is used, a
huge number of multi-stage reactions occur, flows are
characterized by a complex hydrodynamic structure,
the contribution of heat transfer by different ways is
difficult to assess, etc. A detailed description of all
these phenomena is impractical and sometimes impos-
sible. Therefore, in order to take into account the most
important physical and chemical regularities of the
process and for further applying of the model in prac-
tice for the industrial process, some assumptions were
made during modeling. The industrial hydrocracking
reactor is a vertical vessel with axial flow of the feed-
stock. Due to the fact that the height of the reactor is much
greater than its diameter (the height is 38000 mm, the di-
ameter is 2500 mm) the ideal plug flow regime is made
as an assumption to describe the hydrodynamic struc-
ture of the flows in the reactor. The developed model
is formalized and quasi-homogeneous. Therefore, the
rate constants shall be regarded as effective, i.e. they
are a combination of constants of all intermediate
stages. The reaction rates were written according to the
law of mass action. Thus, the model assumptions in-
clude: formalized chemical transformations scheme,
normal distribution of mass content of n-paraffins in
the feedstock, quasi-homogeneous reaction medium,
the ideal plug flow regime, adiabatic operation.

CONCLUSIONS

The proposed approach to the development of
a detailed mathematical model of the vacuum gas oil
hydrocracking process is based on taking into account
the regularities of n-paraffins mass content distribution
and their reactivity in the target reaction. It is shown
that the relationships between the mass content of n-
paraffins and the number of carbon atoms in the mole-
cule can be quite accurately described numerically us-
ing the normal distribution, the parameters of which
are determined based on experimental data on the com-
positions of vacuum gas oils. Using quantum-chemical
methods for calculations, the thermodynamic probabil-
ity of bond cleavage at a different position in the n-
paraffin molecule was determined, on the basis of
which a matrix of bond cleavage probabilities was
compiled, which describes the revealed regularities of
n-paraffins reactivity in the model. The revealed regu-
larities of the distribution of n-paraffins content and
their reactivity will allow to predict not only the yield,
but also the low-temperature properties of the obtained
diesel fuel. The proposed mathematical model is a
system of material and heat balance equations, which
includes a description of reactions in which hydrogen
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does not participate, reactions involving hydrogen,
and a detailed description of n-paraffin hydrocracking
reactions.
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