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An important problem of oil refining related to the production of diesel fuels with specified properties is
considered. The technology of production of hexadecane isomer in a laboratory setup is chosen as an example.
A material based on aluminophosphate is used as a catalyst. An original complex three-dimensional mathematical
model is proposed for this physico-chemical problem. The model includes a quasi-hydrodynamic system of
equations for calculating the flow of a multicomponent two-phase medium and convection-diffusion-reaction
equations for calculating the dynamics of concentrations of the feedstock and reaction products. The numerical
implementation of the model uses methods of splitting into physical processes and finite volumes. To speed up
the calculations, a parallelization procedure based on the domain decomposition technique is applied. Numerical
experiments demonstrate the efficiency of the developed computing technology.

Keywords:
dimensional computer modeling.

DOI: 10.61011/TP.2026.01.62839.92-25

Introduction

Theoretical study of characteristics of liquid and gas
streams in oil production systems started in the 1950s with
a focus on applications to processes in vertical wells. At
that time, data were mainly based on operating readings
obtained in field conditions. They included such parameters
as a volume flowrate, thermophysical properties of each
phase, pressure inside a pipeline, an internal diameter
and an inclination angle. Based on this humble set
of information, the first scientific studies appeared [1,2].
Further studies also infiltrated a field of refining of crude oil
and natural gas [3,4] and were accompanied by developing
a large class of mathematical methods [5-10]. Up to now,
the petrochemical industry uses advanced technologies of
computer simulation, which are realized in such well-known
software packages as HYSIM, HYSYS, Pro II, ProVision,
Pipeface, Protiss, Aspen Plus, Speed UP, Dyna Plus,
CHEMCAD, PROSIM, etc. In a modern situation, many of
them are unavailable for use in the domestic petrochemical
industry, which requires their import substitution. However,
a more important aspect is to develop new simulation
technologies and to create digital platforms for the oil and
gas industry.

The present study deals with one of specific tasks of
oil refining, which is related to production of freeze-
thaw-resistant diesel fuels. An object of research was a
technology of hexadecane isomer production in a laboratory
setup, which is based on thermal stimulation of a catalytic
reaction in presence of hydrogen. A catalyst material was
porous aluminium phosphate.
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Unlike a purely thermal method of refining, in which
feedstock is cleaved by thermal energy only, a basis of
the considered production process is a multi-stage catalyst-
stimulated diagram of chemical transformations. The final
production cycle is more cost-effective, since a product with
required properties is generated at lower temperatures and
with a higher rate. The obtained product contains much less
unsaturated hydrocarbons and does not require addition of
antioxidizers.

Selecting the above-said field of research is related to
the following. Liquid hydrocarbons are main components
of a modern energy infrastructure. Synthetic gasoline and
diesel fuel contain a much higher density of energy than
initial natural components: methanol, ethanol, methane
and hydrogen. This makes it possible to develop and
use transport systems based on producing power from
hydrocarbons for a long time yet.

Hydrocarbon streams are theoretically and numerically
analyzed so as to provide engineers and technologists
with an effective tool of optimizing production processes.
In the modern situation, when computers and software
simulation means are so commonly used, it is important to
develop so-called multiphysical models and high-accuracy
numerical algorithms of their implementation. Relevant
tasks in the field considered by us include complex models
that reflect all stages of a feedstock refining process and
take into account heat- and mass-transfer processes and
chemical transformations at the same time. It is also
important that they should take into account a structure of a
catalyst medium, a composition of a hydrocarbon fluid and
geometry of the laboratory or production setup. It is still
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relevant to implement these models both numerically and
for computers

The present study is aimed at developing a numerical
procedure of computer analysis of processes of hydroiso-
merization in presence of an aluminium-phosphate-based
catalysts. Practically, this analysis is aimed at efficiency of
application of a catalyst and monitoring of its state when
the setup is operated, which makes it possible to go over to
a cycle of catalyst regeneration or its complete replacement
in due time.

The present study considers a problem of transmission of
a hydrocarbon liquid containing hexadecane and hydrogen
through a porous medium that includes glass and catalyst
granules. In a catalyst layer, we consider a mechanism
of hydro-isomerization, which is described by chemical
transformations of feedstock into the product with formation
of a side fraction as methane. In case of three-dimensional
geometry, for the selected problem formulation we have
proposed a complex mathematical model, constructed a
mesh option of its discretization based on a finite volume
method and developed the algorithm and program for
computational experiments. The software program was used
to perform a series of numerical calculations.

1. Problem formulation and the
mathematical model

Let us consider an active zone of a laboratory chemical
reactor of a cylindrical axisymmetric form, which is shown
in Fig. 1. It has input and output holes arranged on the
left and on the right, respectively. A central region includes
the catalyst layer fixed on the left and on the right by glass
crumbs. The reactor axis has a cylindrical copper heater
arranged, which induces chemical reactions in the catalyst
layer. The catalyst material is aluminium phosphate.

A hydrocarbon mixture is supplied into a reactor volume,
whose main component is hexadecane nCis (CiHaa),
and in which a hexadecane isomer iCis (Ci6Hz4), molec-
ular hydrogen (H,) and methane (CH4) are dissolved
in small concentrations. This mixture hits the catalyst
layer, in which the following chemical reactions proceed:
1) nC16iC16 = iC16, 2) nC16 ﬁ CH4, 3) iC16 i CH4.

The reactions are stimulated both by presence of the
catalyst as well as heating the catalyst layer by means
of the heater. The catalyst medium with sealant layers
is considered by us as a porous medium with a fixed

frame. The liquid going into it is considered to be a
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Figure 1. Diagram of the chemical reactor in a longitudinal (on
the left) and a transverse (on the right) section.
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single-phase, hardly-compressible and multi-component one.
Under these assumptions, in the conditions of the constant
fluid temperature it is possible to use the following complex
model of the isomerization process.

The first part of the model is based on a VANS
approximation for the porous layer [5-10] and a quasi-
hydrodynamic approach (QHD) [11,12]. It uniformly
describes the flow of the multi-component medium with a
total density p and a rate u in free space and in the porous
body as (1), (2):

V(n—w) =0, (1)
3 (pu)

V(e w e -

— sz + V(HNS + HQHD) — Gll, (2)

Here V and ® is a nabla operator and an external
product of vectors in the coordinates x,y,z,¢ is time,
e=¢(x,y,z) =V,/V is porosity, V, is a volume of the
liquid phase, V is a total volume of the medium, u and
w is a filtration rate vector and a QHD correction for it
written as (3):

1
W_E[(—pu, V)u+eVp+Gu}, (3)
p|\e
T — a parameter of regularization of the QHD approach

(under the low stream rates it is selected for reasons of
providing stability of the numerical algorithm, it is assumed
to be 7 ~ ﬁ), p is pressure, Ilys and IHpyp is a Navier-
Stokes tensor and the QHD correction for it, which is
determined by expressions (4), (5):

Iys = {53},

0 0 2.
Hgﬁszy(ﬂ—i—&) — 8up g,udlvu, a,p=x,y,2,

da ap
| (4)
Honp = SPUBW. (5)
4 — dynamic viscosity, Jqs is a Kronecker symbol,

G = euK ' 4+ pF(e)K~"?|u| is a momentum drain coef-
ficient related to motion of the liquid through the porous
medium, K is permeability of the porous medium, F(e) is
an empirical Forchheimer coefficient [13], Re = % is
a Reynolds number, uy is a typical flow rate, Dy a
hydrodynamic diameter of an area under research.

The second part of the model describes chemical re-
actions in the catalyst layer and processes of convection-
diffusion of mixture components (6):

a(é‘ck)
dt

= V[eDyVCi] — V(uCy), k=1,2,3,4.  (6)

Here Cy are concentrations of the mixture components,
the index k = 1, 2, 3, 4 subsequently numbers hexadecane,
isohexadecane, hydrogen and methane.

Transformations of the mixture components were cal-
culated using reaction equations as part of a method of
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splitting by physical processes. Based on concentration
fields obtained by means of the equations (6), they are
locally recalculated in the catalyst region. In this case, the
catalysis process is described by means of the following
system of equations (7):

E_—U) —w aﬂ_w —w
31‘ - 1 25 31‘ - 1 3,
0Cs 0C,
T_ wy — w3, o =2w;, + 2ws, (7)

wi = k1C1 — kyCy, wy = k3C1C3, w3 = k4CrC3,

where k = 1, 2, 3, 4 are empirically-obtained reaction coef-
ficients. The system (7) reflects the following properties of
the reaction in question. Hydrogen is not generated during
catalysis. Methane is formed from initial impurity hydrogen,
hexadecane and isohexadecane. Besides, when summing the
equations of the system (7), one can see that there are not
additions sources and, consequently, fulfilment of the mass
conservation law during the chemical transformations, i.e.

0, 0C, 96y acs
at ot at ar

The equations (1)—(6) are dedimensionalized and supple-
mented with necessary boundary and initial conditions [14].
The equation for determining a pressure field is obtained by
substituting (3) into (1) and written as (8):

V(eVp) =V [g u-— (%pu, V)u - Gu]. (8)

The boundary conditions depend on a boundary type
of the area under research. For an inlet, we use a
steady Poiseuille flow and a known distribution of the
concentrations

2 2
y-—z ap 2
= 1 - T 5 09 0 s A T T
" { R } dn  ReR?
C| = const, C, = const, C3 = const, C4 = const.

On the wall, we pre-define adhesion conditions and a zero
stream for the concentrations:

96, _iC, _3C; _ 9y
on  9n  dn  n
At an outlet, we pre-define free-output conditions:

=0.

%:0’ p:o’

0Cy  9dCy 9C3;  09Cy4
9n dn an an
A numerical diagram of discretization of the equa-
tions (2),(6),(8) on a hexahedral grid was constructed

by means of the finite volume method [15]. Cells of

a calculation mesh were used as a finite volume when
calculating the pressure. Components of the rate vector and
the concentrations were calculated by node finite volumes.
Derivatives with respect to time are discretized based on an
explicit scheme.

A general algorithm consists of integrating the equa-
tions (2) and (6) by time at each step. At the same time,
within a time step a difference analogue of the equation (8)
is solved by an iteration method of conjugate gradients
with a diagonal preconditioner. Since the equations (2), (8)
are independent on the concentrations of the mixture
components, the genera algorithm is divided into two
stages. The first stage includes a quasi-steady-state fluid flow
through the reactor. At the second stage, the equations (6)
are integrated. When the equations (6) are integrated, the
concentrations locally in nodes of the catalyst region are
recalculated at each time step according to the equations of
the chemical reactions (7).

For the computational algorithm, we have developed
parallel software implementation in the language C++
using libraries Eigen, OpenMPI, GMSH and VTK. The
calculations were performed in a hybrid supercomputer
K60 installed in a Supercomputer Collective Use Center
of KIAM RAS.

2. Numerical simulation results

The object of research was a fragment of the laboratory
chemical reactor for catalytic reforming [16]. Parameters
of the subsequent calculations were selected taking into ac-
count experimental data of the study [17]. The calculations
were performed in a three-dimensional region (Fig. 2, 1) on
a non-structured tetrahedron mesh (Fig. 2,2). According
to the designations in Fig. 1 the geometry parameters have
the following values: L; =3, L, = 0.5, L3 =2 and were
normalized to a radius of the inlet of the setup Ry = 10~2 m.
The calculation mesh was constructed using the GMSH
software complex and contained 1940 377 volume elements,
368446 dots. With the parallel calculations, the mesh is
divided into 28 subregions (Fig. 2, 3).

Figure 2. Geometry of a computational region (I), a tetrahedron
mesh (2), division of the mesh into parallel count domains (3).
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Figure 3. Distribution of the rate modulus in a central part of the
calculation region (XY). Normalization of the rate uy = 0.043 m/s.
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Figure 4. Distribution of overpressure in a central part of the cal-
culation region (XY). Normalization of pressure po = 1.4237 Pa.

The flow was calculated for the following parameters of
a moving medium: po = 770kg/m3, yp = 3.3 - 1073 Pa-s,
up = 0.043m/s. The presented parameters correspond to
the main mixture components — hexadecane and isohex-
adecane. These values correspond to the Reynolds number
Re=100. The parameters of the porous regions have the
same values: Da, = 0.1 , Da, = 0.2, &, = 0.28, &, = 0.6,
here g is glass crumbs, ¢ is a catalyst. It was calculated
up to the value fn, = 10 with a time step 7, = 2.4 - 10~4
and a regularization parameter 7 = 5 - 1073, The parameter
of time normalization was ty = 0.233s. The calculation
is performed from a state of the resting medium with
boundary conditions: at the inlet — the Poiseuille flow, at
the walls — adhesion conditions, at the outlet — the free-
output conditions. Steady-state distributions of the main
flow parameters — the rate and overpressure — are shown
in Fig. 3,4.

The presented computational algorithm for flow cal-
culation and its software implementation for the two-
dimensional formulations were compared with the Ansys
Fluent software complex in the study [14]. The results
obtained herein make it possible to conclude that the three-
dimensional implementation is correct. A free region of the
inlet has a parabolic profile of the rate and a linear pressure
drop formed. Then, according to geometric 92 specific
features of the calculation region, the Poiseuille profile is
restructured. At the same time, according to the Bernoulli
law, deceleration of an oncoming stream near a butt-end of
the copper heater results in an increase of pressure. Besides,
a difference of porosities and permeabilities of the glass
crumbs and the catalyst is adequately reflected. We note
that the flowrate of the liquid medium at the inlet and
the outlet of the setup is the same. It makes it possible
to conclude on correctness and approximation of the flow
model.
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The obtained rate fields were used for subsequently
calculating evolution of the concentrations of the mixture
components. The following parameters of the model
were pre-defined in the calculation: D; = 0.01, D, = 0.01,
D3 =0.1, D4 =0.08. Reaction coefficients: k; = 1.0,
ko =0.1, k3 =0.05 and k4 = 0.05. These values are
obtained when averaging tabular temperature data from the
range 300°C—360°C. The following values of the concen-
trations of the mixture components were pre-defined as
initial conditions within the entire region and at the setup in-
let: C1 =0.948, C, =0.001, C3 =0.05, C4 = 0.001. The
calculations were performed up to the value fyx = 12.7,
when a steady-state mode of isohexadecane catalysis was
set. The distributions of the concentrations, which are
obtained at this moment of time, are shown in Fig. 5. They
show that in the steady-state mode the catalyst region has a
distribution of sources and reaction products formed, which
corresponds to theoretical estimates as well as experimental
data about product output from the study [17] (Table 1, the
Pt/SAPO-11 catalyst).

Further development of the proposed mathematical model
will be related to more exact determination of diffusion
constants and reaction constants based on experimental data
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Figure 5. Distribution of the concentration of nCje, iCis, Ha and
CHy in the central part of the calculation region (XY).
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Figure 6. Diagram of the chemical reactor with two heaters in the
longitudinal (on the left) and the transverse (on the right) section.

u
0 0204060810 13

Figure 7. Distribution of the rate modulus in the sections XY
and XZ.

Figure 8. Distribution of overpressure in the sections XY and XZ.

and molecular simulation. Dependences of these parameters
on the temperature will also be taken into account.
Generally, the obtained results reflect an axisymmetric
nature of the studied geometry. However, today, no less
interesting is a task of modernizing reactor unit structures
based on preliminary numerical calculations [18]. In this
case, use of the three-dimensional model and the non-
structured meshes will make it possible to study regions
with nonsymmetrical branch pipes (feedstock supply inlets
and outlets of the reaction products), additional filters
as well as narrowings and widenings of a main tank of
the reactor. It is exemplified by the reactor with two
heaters, whose diagram is shown in Fig. 6. The calculation
parameters as well as the boundary and initial conditions
correspond to used ones in the axisymmetric case. A
distance between the central axis and the heaters was
accepted to be Ly = 0.4. The flow parameters obtained
as a result of these calculations are shown in Fig. 7 and 8.
The distributions of the mixture components are shown in
Fig. 9. Thus, the developed three-dimensional computational
algorithm makes it possible to study the catalysis processes
in nonsymmetrical geometrical formulations. The obtained
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Figure 9. Distribution of the concentration of nCje, iCis, Ha and
CHy in the sections XY and XZ.

software implementation can be a useful tool when design-
ing new reactors and optimizing existing reactors.

Conclusion

This study considers a relevant problem of computer
simulation of the processes of hydrocarbon feedstock re-
fining. It is exemplified by the technology of hexadecane
isomerization in the laboratory setup designed to produce
diesel fuel with pre-defined properties. An original complex
three-dimensional mathematical model has been proposed
for the physico-chemical problem. The model makes it
possible to make a through calculation of the hydrocarbon
liquid flow across the entire volume of the setup, including
free zones, porous seals and the catalyst. The model is based
on the promising quasi-hydrodynamic approach as well
as diffusion-convection-reaction equations. The numerical

Technical Physics, 2026, Vol. 71, No. 1



Computer simulation of hydrocarbon liquid flow for the synthesis of... 27

implementation of this approach is based on a method of
dividing by the physical processes and a mesh finite-volume
method on the irregular tetrahedron mesh. The parallel
calculations have been applied for software implementation
of the developed algorithm. The numerical experiments
have confirmed that the developed computational procedure
is operable and it can be applied for solving industrial tasks
of oil and gas refining.
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