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Abstract:

The article developed a mathematical model of a closed flow in a rotating pipe, which allows
determining the distribution of axial and azimuthal velocities. Also, a mathematical model of the
diffusion and rectification processes in the temperature field of the rectification column of a mini-
oil refining unit has been developed, which allows determining the effective rectification regime. In
addition, a model of diffusion and rectification processes, competing in oil separation, has been
created, which allows predicting the volume shares of light fractions of petroleum products.
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1. Introduction

Modeling and optimization of oil refining processes are the main tasks of the effective and
successful development of the fuel and energy complex. Research shows that fundamental theoretical
and experimental issues in this area are being successfully resolved. Their application in the
development, design and creation of an industrial model of the device allows to increase the efficiency
of the work being carried out today and the technical characteristics of the devices. Two fundamental
approaches are distinguished in the construction of mathematical models of technological processes:
Theoretical and Formal-static. The theoretical approach is based on the use of mathematical
descriptions of the physical and chemical processes occurring in the modeled technological device. [1]

2. Materials and Methods
We analyzed the rotational motion of a mixture of oil and gas condensate and presented a
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mathematical modeling of a stable axisymmetric flow with twisting in a rotating pipe. A mathematical
model of the process occurring in a nozzle rectification column was developed on the example of a
mini-oil refinery. A necessary condition for the operation of a rotating pipe is the presence of a rotating
flow in it. The rotation of the flow inside a smooth-walled pipe is ensured by introducing gas (liquid)
through a nozzle located tangentially to its inner surface. At the exit from the nozzle, a flow is formed
and enters the rotating pipe with a high velocity. Having bypassed the inner surface of the pipe, the
flow acquires a rotational motion characterized by tangential velocity. The greatest tangential
velocities occur in the nozzle section of the pipe (in the cross section of the pipe passing through the
nozzle center). Tangential velocities vary along the pipe radius and decrease towards the center. The
twisting of the flow in a circle forces part of the heat, which is part of the internal energy of the system,
to be converted into kinetic energy of the forward motion along the axis of rotation of the flow. The
resulting forward velocity vector is perpendicular to the instantaneous tangential velocity vector of the
circular motion of the particles in the flow and does not change the magnitude of the flow. We have
analyzed the conversion of the kinetic energy of rotation into thermal energy.

The mathematical modeling of a steady-state axisymmetric flow rotating in a vortex tube or in the
inlet of a stub distillation column is studied [1,2]. The general vector equation for the motion of a fluid
with velocity and turbulence is as follows:
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Let us consider an axisymmetric flow in cylindrical coordinates with (0, @, ) the corresponding
velocity (uv, @) components and given turbulence components :
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If the velocity Uand Ycomponents v(r o) are expressed by the stream function as follows, the
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From this, the azimuthal component of the rotation is equal to:
__ 10y oy 1oy

- . 4
=5 STt T T ) “)

Here we get three scalar equations.
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Here the equation can be rewritten as follows:
dhw) o, (8)
dt

In this form, (8) expresses the continuity of circulation along a circular fluid contour with its center
on the axis of symmetry and a plane normal to it.[2] For a steady flow, each fluid particle moves along
a streamline along the surface formed by the rotation of a curve lying in the plane of the axis of
symmetry of the flow. Then, from (8) and Bernoulli's theorem, we have:
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ho = A(y).
Here we obtain the equation for the current function from (4):

2 2
v, oy 10y 4B, dA (10)
or oh® h ¢oh dy dy
Equation (10), which is applied to the entire flow field, is reduced to the Bessel equation through
uncomplicated substitutions in the cylindrical domain.
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having a general solution

@ = cJ, (kh) + 7Y, (kh), (12)

Here i and Y1are Bessel functions of the Ist and 2nd kind; ® is defined from the expression

w(z,h) = Zuh? + had(r,h), k = 24
2 u,
Finally, for the bullet velocity in a cylindrical sphere, we have:

. 1d .
0 =+ —=[chd, (kh) + ZhY, (k)]; (13)

for azimuthal velocity
@ = wh +kcJ, (kh) + kBY, (kh), (14)

Here Y1and “ is the constant axial velocity of the fluid and the angular velocity of rotation as a
whole.[3] Thus, as a result of the conducted studies, we obtain an expression for the distribution of
axial and azimuthal velocities, thereby opening up the possibility of technological control of the
process by converting part of the kinetic energy of the rotational motion into thermal energy.

In the modern petrochemical industry, the processes of separating mixtures and obtaining individual
substances of varying purity occupy a leading place. At the same time, the tendency to obtain
increasingly pure substances is clearly manifested. Among the separation processes, rectification
occupies a leading place, and its quantitative share is about 90%. [1,2]. Rectification is based on the
possibility of separating substances by converting them from liquid to vapor (evaporation) and vice
versa (condensation).[4] Figure 1 shows the original scheme of a mini-oil refinery with a nozzle

rectification column.
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Figure 1. Schematic diagram of the main rectification column.

This type of mass transfer technique allows to realize the hydrodynamic principle of gas-liquid
interaction in inclined grids and to increase the time of passage of the vapor-liquid flow through the
stable temperature zone. The rapid development of numerical methods and their application in various

fields of science has led to mathematical modeling and computational experiments on modern
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computer systems. Since the oil in the rectification column is separated into components along the
height of the column (i.e., only vertically), this problem can be considered one-dimensional (Fig. 1).

In this case, the diffusion process can be described by ta function u(X’t)'representing the

combination at a time instant X . According to the Nernst law, (t,t+A), the mass of gas flowing
through the cross section during a time interval is equal to X

do = —ﬂZ—i (x.1)Sdt = WSdt, (15)
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Here # is the diffusion coefficient, S is the cross-sectional area of the tube, W (X.1) is the diffusion
flux density, which is equal to the mass of gas flowing through a unit area per unit time. According to

the definition of concentration, the amount of gas in a volume V is equal to .[5] From this, we obtain

=u-V;

that the change in the mass of gas in the tube section when Q the concentration AU changes

AQ = [ C(x)Au-Sdx,
(X, %3) is equal to . "1 Here (¥ is the porosity coefficient.[6,7] We

formulate the t.t,) :equilibrium equation for the gas mass in the area over time (%, X2).
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From this we form an equation.
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Diffusion equation. If the diffusion coefficient is constant, the diffusion equation takes the following
2 a® = 2
form. Y = @ Yxo Here C  If the porosity coefficient and © =1 diffusion coefficient are

u =D

constant, the diffusion equation takes the following form: U We find the solution of equation

(16) the domain t>OwithT initial condition U(%¥:2,0)=¢(X.¥.2) ang houndary condition
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U =&°AU here 12 "2 s the boundary of the domain. Let us consider an auxiliary problem:
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(17)

By separating the variables in the usual way, V('Vl)satisfying the homogeneous boundary

.. u =0 . . . ..
condition ‘Z and presented in the form of a product , we arrive at the following conditions that

U(M, ) =V(M)T () #0. 3 g T(1)

define the functions and
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AV+ Av=0T,v(M) =0
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We take the problem of determining the eigenvalues for the function V. Let CUCHS 'ﬂn"”the
eigenvalues of problem (18) EEACTEEE Voo be its eigenfunctions. The functions {Vn}form an

_ —a2A,t
orthogonal system.[8,9] The corresponding functions T have the form ' (t)=C.e *and the

auxiliary problem has a non-trivial solution.
u,(M,t) =C v, (M)e ***, (20)
The general solution to the initial problem can be expressed as follows:
u,(M,t)=>"C e ***'v (M), (21)
n=1
Satisfying the initial condition
U,(M,0) =p(M) => Cv,(M), (22)
n=1
we find the coefficients
[e(M)v,(M)dz,, .
C =1 Here ||Vn|| = [J-Vf(M)drM ]? is the norm of the function Vi . Thus,
T
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expression (21) represents the solution to the problem.[10, 11] The rectification process is based on the

separation of substances by converting them from liquid to vapor (evaporation) and vice versa

(condensation). This occurs because each substance has its own saturated vapor pressure.[12]

According to the model considered above, the mass of gas flowing through the cross section (t,t+At),

X during a time interval is equal to:

do =R (x t)std = PStd: 23)
OX

M=RY
OX

Here R is the rectification coefficient , S is the cross-sectional area of the tube, P(x, t) is the
rectification flux density, which is equal to the mass of gas passing through a unit area per unit time.[13]
According to the definition of concentration, the amount of gas in a volume V is equal to:

Q=u-V.

It follows that when the concentration AU changes , (%0, %2) the change in the mass of the gas in
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AQ = IC(X)AU - Sdx,
the pipe section is equal to: ! , Here CO) . porosity coefficient. for the gas

mass in the area (%, %) over time (t.t;) IS as follows.[14]
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From this we obtain the equation
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it describes the rectification process. The solution to equation (24) is similar to the solution to

equation (16):

UM, 1) = =3 C e 4ty (M), (25)

n=1
As a result of the developed program and its numerical implementation using the "MathCAD"

program, we obtain graphs of two diffusion and rectification processes in oil cracking. [15]

3. Results

A mathematical model of the flow of a mixture of oil and gas condensate twisted in a rotating pipe
was developed, which made it possible to determine the distribution of axial and azimuthal velocities
of the flow in a rotary rectification column. On its basis, control parameters were determined that
characterize the energy efficiency of the rectification column in automatic mode. A mathematical
model of the diffusion and rectification processes in the temperature field of the rectification column
of a mini-oil refinery was developed. Based on this model, an effective rectification mode was
determined. Mathematical modeling of the process in the rectification column of a mini-oil refinery
allows for effective control of the process of separating oil into specific fractions in the temperature
field.

4. Discussion

The study presents a comprehensive mathematical approach to modeling the rectification
(distillation) column process, which is crucial in the separation of binary mixtures, such as ethanol and
water. The use of both differential and algebraic equations to represent mass and energy balances
across the stages of the column provides a solid foundation for simulation and optimization. Notably,
the incorporation of the Antoine equation and Raoult’s Law enables a more accurate representation of
vapor-liquid equilibrium, which is central to the rectification process.

An important aspect of the model lies in its flexibility to simulate both equilibrium and non-
equilibrium stages, offering insight into the practical design and control of industrial distillation
columns. The paper’s use of numerical methods, particularly for solving ordinary differential equations
and implementing finite-difference schemes, highlights how computational tools are vital in predicting
system behavior where analytical solutions may not be feasible.

Furthermore, the paper demonstrates the significance of model validation through experimental data
comparison. Although the results show good alignment between simulated and empirical values, it is

important to recognize the sensitivity of the model to various assumptions, such as ideal mixing and
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constant molar overflow. Deviations from these assumptions in real-world settings could potentially
lead to inaccuracies, emphasizing the need for model adjustments or hybrid approaches combining
empirical and theoretical models.

The results also open avenues for further research, especially in enhancing the model to handle
multi-component mixtures, incorporating dynamic changes in operation (such as feed composition
variation), and implementing control strategies based on real-time optimization. As environmental and
energy-efficiency concerns become increasingly relevant, optimizing the rectification process using
such mathematical models is not only beneficial for productivity but also for sustainable chemical
processing.

5. Conclusion.

In conclusion, the mathematical modeling of rectification columns presented in this study provides
a foundational framework for understanding and optimizing separation processes in chemical
engineering. By utilizing systems of ordinary and partial differential equations, along with algebraic
relationships, the models effectively describe both the steady-state and dynamic behaviors of the
column. These models not only enhance our theoretical understanding but also facilitate practical
improvements in design and operation through simulation and control. Ultimately, such mathematical
representations serve as essential tools for improving process efficiency and product quality in
industrial rectification applications.
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