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ABSTRACT: The constant growth in the cost of energy carriers leads to finding the ways to reduce production costs and efficient use of
energy resources by optimizing the technological regimes of oil refineries. Based on the current state of the resource base and the coun-
try's growing needs for oil and gas resources, the introduction of modern technologies for maintaining and intensifying the production
and processing of oil and gas, the priority is to increase the energy efficiency of the fuel and energy complex. In this aspect, scientific
research aimed at the efficient use of the heat of process flows in the stage of thermal preparation of local hydrocarbon raw materials
for distillation, the development of new, energy and resource-saving technologies for the production of petroleum products, the opti-
mization of the technological regimes of oil refineries in order to increase their thermal efficiency and reduce the cost of manufacture
of petroleum products, the synthesis of technological schemes with a rational number of apparatus for the thermal preparation of raw
materials for distillation is of great importance. Based on this, a mathematical model has been developed for the process of thermal
preparation of an oil and gas condensate mixture for distillation, which makes it possible to determine the energetically optimal heat
exchange surface of the apparatus. As a system of equations, the objective function of the optimality criterion is formulated — the specific
technological prime cost of the heated oil and gas condensate mixture, which includes changes in the power consumption for its pump-
ing and depreciation deductions for heat exchange equipment depending on parameters the process. On the grounds of investigation of
the influence of technological parameters — temperature, composition, and consumption of raw materials in the pipe, as well as steam
pressure in the annulus on the efficiency of heat transfer in an industrial heat exchanger, the optimal operating conditions for the heat
exchanger 10E-04 at the Bukhara Oil Refinery have been identified: F,,,, = 219 m* Cp = 0.010825 USD/kg, 4 = 0.010825 USD/kg,

nter

C,,=0.02165 USD/kg, and ¢ = 107.3°C, with a specified throughput of G,,, = 105 508.3 kg/h.

Key words: oil and gas condensate mixture, atmospheric distillation of the mixture, fuel fraction, naphtha, heating, heat exchanger,
condenser, modeling, technological cost, optimization, energy efficiency, refinery installation.

STRESZCZENIE: Staty wzrost kosztow nosnikéw energii prowadzi do koniecznosci znalezienia sposoboéw na obnizenie kosztow pro-
dukcji i efektywnego wykorzystania zasobow energetycznych poprzez optymalizacje reziméw technologicznych rafinerii ropy naftowe;.
W oparciu o obecny stan bazy surowcowej i rosngce zapotrzebowanie kraju na zasoby ropy naftowej i gazu ziemnego, a takze wprowadzenie
nowoczesnych technologii utrzymania i intensyfikacji produkcji i przetwarzania ropy naftowej i gazu, priorytetem jest zwigkszenie efek-
tywnosci energetycznej kompleksu paliwowo-energetycznego. W tym aspekcie ogromne znaczenie maja badania naukowe majace na celu
efektywne wykorzystanie ciepta przeptywow procesowych na etapie termicznego przygotowania lokalnych surowcoéw weglowodorowych
do destylacji, opracowanie nowych, energooszczg¢dnych i zasobooszczednych technologii produkeji produktéw naftowych, optymalizacje
rezimow technologicznych rafinerii ropy naftowej w celu zwigkszenia ich wydajnosci cieplnej i obnizenia kosztow produkcji produktow
naftowych, a takze syntez¢ schematow technologicznych z racjonalng liczbg aparatow do termicznego przygotowania surowcow do desty-
lacji. Na tej podstawie opracowano model matematyczny procesu termicznego przygotowania mieszaniny kondensatu ropy naftowej i gazu
do destylacji, ktory umozliwia okre$lenie optymalnej energetycznie powierzchni wymiany ciepta aparatu. Jako uktad réwnan sformuto-
wano funkcje celu kryterium optymalnosci — specyficzny technologiczny koszt glowny podgrzanej mieszaniny kondensatu ropy naftowej
i gazu ziemnego, ktory obejmuje zmiany zuzycia energii do jej pompowania i odpisy amortyzacyjne na urzadzenia do wymiany ciepta
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w zaleznoéci od parametrow procesu. Na podstawie badan wpltywu parametrow technologicznych — temperatury, sktadu i zuzycia surow-
cOw w rurze, a takze ci$nienia pary w pierScieniu na efektywnos$¢ wymiany ciepta w przemystowym wymienniku ciepta, zidentyfikowano
optymalne warunki pracy wymiennika ciepta 10E-04 w rafinerii ropy naftowej w Bucharze: F,,,, = 219 m?, Cp = 0.010825 USD/kg,
A=0,010825 USD/kg, C,,=0,02165 USD/kg i t = 107,3°C, przy okreslonej przepustowosci G,,, = 105 508,3 kg/h.

Stowa kluczowe: mieszanina kondensatu ropy naftowej i gazu ziemnego, destylacja atmosferyczna mieszaniny, frakcja paliwowa,
benzyna cig¢zka, podgrzewanie, wymiennik ciepla, skraplacz, modelowanie, koszt technologiczny, optymalizacja, efektywno$¢ ener-

getyczna, instalacja rafineryjna.

Introduction

Heat exchangers are systems utilized for transferring heat
between fluids with different temperatures. These devices
find widespread applications in various sectors, including
refrigeration, heating, air conditioning systems, power plants,
chemical processes, the food industry, automotive radiators,
and waste heat recovery units. Heat exchangers can be cat-
egorized based on various criteria such as construction, flow
arrangement, heat transfer mechanism, and so on (Lahiri et al.,
2012; Kharaji, 2021).

According to the existing production technology at oil re-
fineries (OR), raw materials are initially heated in three blocks
consisting of heat exchangers, then they are heated in a coil
furnace, and then the raw materials are physically separated
into fractions by distillation (Skoblo et al, 2000; Manovyan,
2001; Akhmetov et al., 2006; Glagoleva and Kapustina, 2006;
Akhmetov, 2013). To heat the feedstock in the refinery, hot
process streams leaving the distillation column are used —
distillates of fuel fractions and fuel oil (Skoblo et al, 2000;
Manovyan, 2001; Glagoleva and Kapustina, 2006). As it is
known, tubular heat-exchange apparatus is mainly used to heat
hydrocarbon feedstock at oil refineries (Skoblo et al., 2000;
Akhmetov et al., 2006; Akhmetov, 2013).

The heat exchanger design can be divided into two main
categories, thermal and hydraulic design and mechanical design.
In thermal and hydraulic design, the focus is on calculating
an adequate surface area to transfer a certain amount of heat,
pressure dope, pumping power work, etc. (Lahiri et al, 2012).

An analysis of the market for heat exchangers in Russia
and the CIS countries (Report of the Academy on Industrial...,
2008; Khudaiberdiev and Khudaiberdiev, 2010; Heat exchange
equipment market, 2022) showed that oil refining, petrochemi-
cal, and chemical industries use an average of 406 to 1,250
heat exchangers. Almost 90% of the fleet of heat exchangers
used by factories are tubular apparatus, the total mass of which
is 35-40% of the mass of oil refinery (Skoblo et al, 2000;
Ismaylov et al., 2024). However, along with high reliability,
these devices are characterized by large weight and size param-
eters (diameter: 0.63—1.8 m, tube length: 5-10.6 m, weight —
up to 3540 t) and low thermal efficiency (heat transfer coeffi-
cient: 50-100 W/m?*- K) (Akhmetov et al., 2006; Khudaiberdiev,
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2019a). In this regard, the main ways to reduce the consump-
tion of thermal energy are the intensification of heat and mass
transfer (HMT) processes, the reduction of heat loss to the
environment by radiation, cooling water and air, as well as the
maximum use of heat from low-potential flows (Babkin et al.,
2014; Khudaiberdiev, 2019a; Khurmamatov et al., 2023a).

It was found that the use of the heat of waste oil fractions
in tubular heat exchangers makes it possible to intensify the
heating of crude oil feedstock from 10.4 to 45.9%, depending
on their phase state and process parameters. In addition, the
use of hydrocarbon vapors during oil refining contributes to
an increase in the technological efficiency of an oil refinery
from 2.5-5% (Khudaiberdiev, 2019a).

Consequently, carrying out further research aimed at iden-
tifying the optimal limits of the technological regime of an oil
refinery installation, developing new energy-saving methods
for heating oil feedstock, effectively organizing heat-and-mass
transfer (HMT) processes in apparatuses, as well as clarify-
ing the methods for calculating the main processes and oil
refining apparatuses acquire important scientific and practi-
cal significance. In this aspect, the use of modern methods
for calculating heat exchange in refinery apparatuses, based
on the principles of system analysis and mathematical mod-
eling of processes, contributes to the development of efficient
and compact designs of apparatuses that provide significant
savings in energy, metal, and operating costs (Khudaiberdiev,
2019a).

Materials and methods

In most heat transfer problems, hot and cold fluids are
divided by a solid wall. In this case, the mechanism of heat
transfer from the hot fluid to the cold fluid can be categorized
into three steps (Ezgi, 2017):

* heat transfer from the hot fluid to the wall by convection;
* heat transfer through the wall by conduction;
* heat transfer from the wall to the cold fluid by convection.

In this paper, a method for optimal calculation and design
of the process of heating local hydrocarbon feedstock (oil, gas
condensate, and their mixtures) with light fraction vapors in
tubular heat exchangers of refineries is proposed, taking into
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Figure 1. Technological scheme of thermal preparation of oil and gas condensate mixture in the atmospheric distillation unit of the
Bukhara Oil Refinery; N — oil, GC — gas condensate, DO1 — condensate evaporator, CO1 — pre-fractionation column, C02 — atmospheric
distillation column, P01, 02, 03 — raw material pumps, H — coil heater, I — raw material line, Il — combined naphtha line, III — kerosene

line, IV — kerosene line, V — gas-oil line

Rysunek 1. Schemat technologiczny termicznego przygotowania mieszaniny ropy naftowej i kondensatu gazowego w instalacji destyla-
cji atmosferycznej rafinerii ropy naftowej w Bucharze; N — ropa naftowa, GC — kondensat gazowy, D01 — parownik kondensatu, CO1 —
kolumna wstepnej frakcjonacji, CO2 — kolumna destylacji atmosferycznej, PO1, 02, 03 — pompy surowca, H — podgrzewacz we¢zownicy,
I — linia surowcowa, II — linia benzyny cig¢zkiej, III — linia naftowa, IV — linia naftowa, V — linia gazu i ropy

account temperature changes in the properties of raw materi-
als and hydrocarbon coolant. Such refinement of the process
parameters contributes to the development of energy-optimal
designs of heat exchangers. There is also a significant reduction
in the technological cost of heated feedstock due to a decrease
in the consumption of heat and electricity for the process, as
well as the synthesis of rational schemes for a block of heat
exchangers for heating the raw materials of an oil refinery
(Khudaiberdiev, 2019a; Khudaiberdiev and Rakhimzhanova,
2022; Khurmamatov and Auesbaev, 2023).

The thermal preparation of oil and gas condensate mixtures
at the refinery is carried out in three stages (Figure 1), in sequen-
tially connected blocks of heat exchangers of the atmospheric
distillation unit. Hot process streams (fuel fraction distillates,
circulating refluxes, bottom residue) are used as heat carriers,
supplied to the tube or inter-tube space of the apparatus.

The first stage of preheating the feedstock consists of
a system of eight sequentially connected heat exchangers.
Dehydrated and desalinated oil from the ELOU block tank, as
well as gas condensate from the tanks, are fed through pumps
and a mixer to the raw material pump intake and then pumped
through the heat exchangers: 10E-01 (heat carrier — kerosene

in the inter-tube space), 10E-02 (heat carrier — naphtha vapors
from columns SO1 and S02 in the tube space), 10E-03 (heat
carrier — top column vapors from column S02 in the tube space),
10E-04 (heat carrier — top column vapors from column S01
in the tube space), 10E-05 (heat carrier — kerosene in the tube
space), 10E-06 (heat carrier — kerosene in the tube space),
10E-07 (heat carrier — circulating kerosene in the tube space),
and 10E-08 (heat carrier — fuel oil in the tube space).

The mixture heated in the heat exchangers of Stage I is fed
into the condensate evaporator D01, where it is separated into
gaseous and liquid hydrocarbon phases.

The gaseous phase from the top of the evaporator is directed
straight to the atmospheric distillation column S02. The liquid
hydrocarbon phase (bottom product) from the bottom of the
evaporator is pumped through the apparatus of Stage 11 of
preheating, which consists of a system of five sequentially
connected heat exchangers: E09 (heat carrier — combined gas
oil in the tube space), E10 (heat carrier — light gas oil in the
tube space), E11 (heat carrier — fuel oil in the inter-tube space),
E12 (heat carrier — heavy gas oil in the inter-tube space), E13
(heat carrier — circulating stream of heavy gas oil in the inter-
tube space).
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The feedstock heated in the heat exchangers of Stage 11 is
fed into the lower part of the pre-fractionation column SO1.

The liquid phase from the bottom of the pre-fractionation
column S01 (bottom product) is pumped through two sequen-
tially connected heat exchangers of Stage III preheating the
condensate:

» E14 (heat carrier — circulating stream of heavy gas oil in
the inter-tube space);
* EI15 (heat carrier — fuel oil in the inter-tube space).

From there, the stream is directed to the coil furnace FO1
for final heating.

This calculation and experimental research were carried
out in accordance with the process regulations for atmos-
pheric distillation of a mixture of oil and gas condensate at
the Bukhara Refinery (Khudaiberdiev, 2019b; Khurmamatov
etal., 2023b). The heated hydrocarbon feedstock is a working
mixture of oil (30%) and gas condensate (70%). According
to the regulations of the oil refinery, the technical param-
eters of the industrial tubular heat exchanger-condenser of the
10E-04 are determined, namely: the values of the technologi-
cal modes of the process of heating the oil and gas condensate

mixture (concentration of the mixture, flow rate of the mixture
and heating coolant — naphtha, condensation temperature of
initial ¢, and heated mixture in the apparatus ¢

out>

vapors ¢,
incoming and outgoing temperature), limit values of the main
properties of the mixture and heat-transfer (density, viscosity).
Technological limitations to calculations were determined
by the requirements of the enterprise standards for distillates
of fuel fractions of total naphtha, straight-run kerosene, and
straight-run diesel fuel produced by the refinery.

As it is known, the thermal preparation of feedstock for
distillation and its rectification are energy-consuming processes
at refineries. Therefore, with the constant growth of rates for
oil and energy resources, large oil refineries cannot always
meet modern requirements for the efficient use of electrical
and thermal energy. This circumstance indicates the need to
improve most technological processes, including the process of
thermal preparation (heating) of feedstock for distillation, and
to optimize the operation mode of the unit of heat exchange
equipment in the oil refinery.

When solving the problem of optimizing the process of
heating hydrocarbon feedstock, either the rational boundaries

Table 1. Technical and technological characteristics of heat exchangers EO1-E08 at Bukhara Oil Refinery
Tabela 1. Charakterystyka techniczna i technologiczna wymiennikow ciepta E01-E08 w rafinerii ropy naftowej w Bucharze

Specification | Units | 10E-01 10E-02 10E-03 10E-04 10E-05 10E-06 10E-07 10E-08
Z;’g;:fagtgls [m] 5.927 6.600 7.893 7.674 7.430 7.561 7.620 7.631
:I}:gltlhii‘:l‘z:r [m] |0.625/0.012 | 1.2/0.013 |1.329/0.013 | 1.021/0.013 | 0.674/0.01 | 0.855/0.012 | 9.29/0.012 | 0.907/0.013
Number of baffles [units] 8 9 10 9 8 8 11 10
E;i‘snfztrefu%fegeat [m] | 0.02/0.025 | 0.02/0.025 | 0.02/0.025 | 0.02/0.025 | 0.02/0.025 | 0.02/0.025 | 0.02/0.025 | 0.02/0.025
E;‘I‘:Sﬂf’;r tszlel:at [units] 288 580 1106 644 268 454 524 514
Length of heat
tranffer b [m] 48 48 6 6 6 6 6 6
Pressure of mixture | [bar] 16.2 15.6 15.1 13.6 11.9 11 10.4 10
g}‘ﬁ;i‘r’;p;r;‘mre [°C] 20 25.6 49.1 96.1 111.7 119.7 126.3 142.3
1

E&i{l;een(‘tp)erat“re of | oqy 25.6 49.1 9.1 111.7 119.7 126.3 142.3 150

2.

. general general general . .
Heat carrier kerosene naphtha naphtha naphtha kerosene gas oil kerosene fuel oil
Oil and gas
condensate mixture inter-tube tube tube tube tube tube tube tube
flow area
;Z“:Ssjé“er [bar] 10.4 1.3 15 1.5 11 10.6 73 11.5
g;f::;:i?ﬁgjg‘;e °C] | 125.56 148.72 164.95 136.6 138.83 159.44 170.67 257.65

3
ﬁ;‘;‘lc;er‘;ilgfzit)“re of | oqy 103.22 146.01 151.71 114.3 125.56 136.85 167.04 185.32
4
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of its technological parameters or the minimum required heat
exchange surface is determined, which provides a given per-
formance (thermal power) G,,, of the apparatus.

To identify the optimal boundaries of the mode of heating
oil feedstock with the heat of fuel fractions, the technological
cost of the heated feedstock C,, which indirectly evaluates the
apparatus's operating economy, was chosen as an optimal-
ity criterion. The technological cost of production includes
the cost of raw materials, heat carriers, heat and electricity,
salaries of maintenance personnel, and other costs (Boyarinov
and Kafarov, 1975; Bochkarev, 2014; Karimi et al., 2021;
Khudaiberdiev et al., 2022; Khurmamatov et al., 2023c).

Since oil is not subjected to technological processing during
heating, its cost C,,, does not depend on the mode of operation of
the heat exchanger. It should also be taken into account that the
hot flows of fractions and fuel oil leaving the distillation column
of the installation are subject to cooling to the temperature of
their storage (Skoblo et al, 2000; Manovyan, 2001; Akhmetov
et al., 2006; Glagoleva and Kapustina, 2006; Akhmetov, 2013).
Based on this, in order to increase the thermal efficiency of an
oil refinery, these hot streams are used for sequential multi-
stage heating of raw materials in heat exchangers. Therefore,
the costs associated with the use of heat from hot streams do
not affect the technological cost of the heated mixture C, in the
apparatuses. In addition, the salary of technical personnel for
maintenance of heat exchangers is fixed and it does not depend
on the intensity of their operation. Taking into account the above
circumstances, the costs associated with the purchase of raw
materials, heat carriers, and the salary of technical personnel
are not included in the expression of the optimality criterion of
the process under study. Because of this, the objective function
of the chosen optimality criterion for the process of heating
oil feedstock in heat exchangers is formulated (Boyarinov and
Kafarov, 1975; Khudaiberdiev, 2019a; Karimi et al., 2021;
Khudaiberdiev et al., 2022).

Ct = CrmGrm + ChmGhm + Ce(N+ Nd) + Ahthe + Ap(N+ Nd) (1)
where:
C.,. C,... C,—represent the respective costs of raw materials,

heating medium, and electricity,
G.,,G

rm> ~ hm

— denote the consumption rates of raw materials
and the heating medium,

N, N, — stand for the power of the pump for transferring oil
and distillate fractions,

F,, — represents the heat transfer surface area of the heat
exchangers,

A,., A, — are the depreciation charges for technological equ-

he>
ipment and pumps.
The expenses on raw materials and the heating medium

do not influence the technological cost of heated crude oil in
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heat exchangers. Due to the aforementioned circumstances,
the costs associated with the purchase of crude oil, heating
mediums, and salaries of technical personnel are not included
in the expression of the optimality criterion of the investigated
process:

Ct = Ce(N + Nd) + Ahthe + Ap(N + Nd) (2)

The cost of feedstock, which is not processed during heat-
ing, depends on its quality and not on the heat exchanger
operation. Distillate fractions and bottom residue from the
atmospheric column are cooled for storage. To boost refinery
efficiency, these hot streams are used for multi-stage feedstock
heating. Therefore, costs related to these streams do not affect
the technological cost of the heated feedstock. Consequently,
costs for purchasing feedstock and heat carriers are excluded
from the optimality criterion.

The objective function of the optimality criterion (5.39)
can thus be expressed as:

Cl = CL’N+ Ahthe + ApN (3)

As it is known, tubular heat exchange apparatuses of three
preliminary heating blocks in the oil refining plant have dif-
ferent designs and productivity. For identifying the optimal
composition of heat exchanger blocks in the oil refining plant
and developing its energy-saving technological scheme, it is
expedient to adopt the specific technological cost of heated
raw material (C,,. = C,/G,,,) as a criterion of optimality. In this
case, (3) can be expressed as:

Cstc :l/Grm [CeN + A Fhe + ApN] (4)

A comparative assessment of the impact of the cost item on
the technological cost of the heated mixture is carried out by
analyzing the equations for calculating the parameters included
in the objective function expression (4).

The power of the pump N [kW] required to overcome

he

the hydraulic resistance in the fluid pumping system (Pavlov
et al., 2006):

N=(G,, - AP)/(1000 p7,) ®))
where:
AP — hydraulic resistance of the flow pumping path [Pa],
p — flux density [kg/m’],
11, — pump efficiency coefficient.

The pressure loss to overcome the forces of internal fric-
tion in the tubes of the heat exchanger is determined by the
formula (Pavlov et al., 2006):

AP=0.50"p (An - Vd,,, + Y p) (6)
where:
v=4G,, /(xd’p) — speed of raw material flow in the appara-

tus tubes [m/s],
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A =f(Re) — coefficient of friction, determined depending
on the mode of flow in the tubes according to the Re
number,

Re = (vd,p)/pn — Reynolds number,

1 — dynamic coefficient of viscosity of the feedstock [Pa-s],

>, — is the total coefficient of local resistance in the appara-
tus and pipelines (Pavlov et al., 2006).

The heat transfer surface F of heat exchangers, taking into
account their productivity in terms of raw materials G,,, is
determined by the expression (Khudaiberdiev, 2019a; Cengel
and Ghajar, 2020; Kharaji, 2021):

F= QKAL) =G, (Coli = Couloua) (KAL) (7

where:

0 =G, (citiy — Coul.) — thermal load of the apparatus [W],

Cis Cou — heat capacity of the raw material at the temperatu-
res of its inlet to the apparatus tin and at its outlet ¢,,,
[J/(kg-°C)],

K — the overall heat transfer coefficient in the apparatus
[W/(m®*-°C)],

At,— useful temperature difference between the raw material
and the coolant [°C].

The condensation of vapors occurs with the counterflow
direction of the heat carriers: fuel fraction vapors condense
in the shell side of the shell-and-tube heat exchanger, on the
outer surface of the heat transfer tubes, while the oil and gas
condensate mixture flows inside the tubes.

The heat transfer coefficient from experimental data is
determined by the formula. The calculated value of the heat
transfer coefficient [W/(m?-K)] is found by the known formula
(Chen and Ren, 2008; Kharaji, 2021):

K=1/(1o,+ 2+ 1/a,) ®)
where:

o,, a, — are the heat transfer coefficients on the side of the
condensing vapor and the heated mixture, respectively
[W/(m*K)],

0,,= 0.0025 m is the thickness of the tube wall,

A, =46.5 W/(m-K) is the thermal conductivity of the tube
wall material (Whitaker, 2013).

The heat transfer coefficient from the condensing vapor to
the wall of the horizontal tube is determined by the equation
(Barulin et al., 2009):

=072 &, [2 p* - gl (tpy— 1) " o] ()]
where:
e, < 1 is the row coefficient,
A, p, and u are the thermal conductivity [W/(m-K)], density
[kg/m?], and viscosity [Pa-s] of the general naphtha at

t,, = 125.25°C (its average temperature),
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r=(354.1-0.03768 - £)/p,s" is the latent heat of vaporiza-
tion of the general naphtha [kJ/kg] determined by the
Craig equation,

=136.6°C is the initial temperature of the general naph-
tha,

— is the outer diameter of the tubes [m].

tcon

daut

The temperature of the inner tube wall 7, is taken to
be 5°C lower than the temperature of the general naphtha:
t,=t—5=131.6°C.

The calculation of the heat transfer coefficient a, from the
tube wall to the heated mixture in the condenser is performed
in the following sequence.

The average velocity of the oil and gas condensate mixture
flow in the tubes v (m/s) is determined by the expression:

v=z-4G/(3600 - n-d,*) (10)

The flow regime of the liquid is determined by the Reynolds
number Re:

Re=(3-d, p)u (1D
where: p and u are the density [kg/m’] and viscosity [Pa-s]
of the heated mixture at its average temperature.

For a more accurate calculation of the density of hydro-
carbon raw materials over a wide range of temperatures (up
to 300°C), the equation of A.K. Manovyan is applied, which
guarantees an accuracy of no less than 97% (Manovyan, 2001):
0.58

20

pi=1000p3 -

(t—20)—

[£-1200(p;" —0.468)] (12)

- -(2-20
1000 ( )
The heat capacity of oil feedstock ¢ [kl/kg-°C], taking into
account its temperature 7 and relative density p,, is determined

by the formula (Manovyan, 2001):

c=l.5072+T_223

(1.7182-1.5072p}°)  (13)

Depending on the flow regime, the criterion equation for
calculating the Nusselt number Nu is chosen (Kharaji, 2021):
. for laminar flow (Re < 2320)

0.25
Nu=0.17-Re"> - Pr*® . Gr"! -Lf—’"} (14.1)

r,

. for turbulent flow (Re > 10 000)

(14.2)

Pr

w

0.25
Nu=021-Re"® - Pr'® {ﬁ}

Then, according to the value of Nu, the heat transfer coef-
ficient @, [W/m*-K] from the heat transfer tube wall to the
heated mixture flow is calculated (Kharaji, 2021):



a,=Nu-/ld, (15)

where:

A —is the thermal conductivity of the heated (oil and gas
condensate) mixture [W/m-K],

d,, — is the equivalent diameter of the flow cross-section [m].

All this is reflected in the results of calculating the coeffi-
cients of heat output and heat transfer in heat exchangers using
the well-known method (Skoblo et al., 2000; Pavlov et al., 2006;
Cengel and Ghajar, 2020; Ismailov, 2023; Ismailov et al., 2024),
where the indicators of physical, chemical and thermal physical
properties of raw materials and heating agent are taken at aver-
age values of their temperatures. The main difference between
our method of calculating heat transfer coefficients in heat
exchangers and the known calculation methods is the considera-
tion of the continuous change in the indicators of the properties
of heat transfer media from the temperature, which increases the
accuracy of the heat transfer coefficient calculation results up
to 20-30% (Khudaiberdiev, 2019a; Cengel and Ghajar, 2020).

It was revealed that the amount of depreciation deductions
A, is a variable, depending on the duration T of intensive op-
eration of heat exchangers. Basic parameter of heat exchange
equipment — power [kW], which affects the efficiency of the
hydraulic system as a whole (Khudaiberdiev, 2019a; Cengel
and Ghajar, 2020; Khudaiberdiev et al., 2022):

A,=(EC)IR4TF, (16)
where:
E =0.15 — standard coefficient of efficiency of capital inve-
stments in the industry,
C,— cost of the apparatus [USD],
F,=r-d-n-1-total sum of the outer surfaces of the inner
tubes of the heat exchanger.

Similarly, the expressions for depreciation charges for 4,
pumps are:
A,=(EC)24 1N, 17
where:
C, — cost of the pump [sum],

N, — actual power of the pump [kW].

Thereby, the objective function of the optimality criterion
for heating the oil and gas condensate mixture by hydrocarbon
heat carrier in a horizontal tubular apparatus is formulated as
a system of equations (4, 12, 13, 5, 6, 7, 16, 17):

Cstc :l/Grm [CeN+ Ahthe + ApN] (4)
P =1000p7 - 233 (¢ ~20) -
Py
[1-1200(p;* - 0.68)] (12)

- (2-20
1000 ( )
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c=1.5072+T_223-(1.7182—1.5072,)420) (13)
N=(G,,AP)/(1000p1,,,) )
AP =0.50°p(2,)/d,,, + X)) (6)
F=G,, Coulow = Cinlin) (Koo * Alyia) (7
A,=(EC,)24 TF, (16)
4,=(EC)24 T,N, (17)

Limitations in the field of study of the objective function (4)
are established by the temperature of the heated mixture at the
output of the heat exchanger ¢,,,(¢,,,- 220°C) (Tekhnologicheskiy
reglament..., 2009).

The solution of the above system of equations (4), (5),
(6), (12), (13), (16), (17) is reduced to identifying the optimal

boundaries of the technological regime for heating the oil and

ut

gas condensate mixture in tubular heat exchangers operating in
the mode of efficient use of the heat of the cooled fraction flows.

Results and discussions

To select the optimal number of heat exchange apparatuses
for the first stage of hydrocarbon feedstock preheating, which
is a system of 8 (eight) heat exchangers connected in series,
a systematic analysis of the efficiency of this industrial equip-
ment of the enterprise has been performed.

The statics of the process of heating the oil and gas conden-
sate mixture, consisting of 30% oil and 70% gas condensate,
by the heat of condensing vapors of the total naphtha fraction
leaving the raw material pre-fractionation columns and the
atmospheric distillation column of the Bukhara Oil Refinery
primary distillation unit was studied. The industrial heat ex-
changer-condenser 10E-04 used for heating the operating mix-
ture has the following design parameters (Tekhnologicheskiy
reglament..., 2009): d = 20/25 mm, / = 6 m and n = 644
pcs, and its heat transfer surface in terms of d,,, = 0.025 is
F,=m-1-n-d=304m’ The heating of the mixture in the
tubes of this apparatus was studied at the following regu-
lated values of the technological parameters of the process
(Tekhnologicheskiy reglament..., 2009; Khudaiberdiev and
Rakhimzhanova, 2021): G,,,= 105508 kg/h, p,, = 768 kg/m’,
t, = 96.1°C, t,,, = 111.7°C and naphtha in the annular space
of the apparatus ¢, = 136.6°C. The calculated value of the
heat transfer coefficient from the pipe wall to the mixture is
a, = 878 W/(m* - K), and the value of the overall heat transfer
coefficient in the apparatus is K =270 W/(m* - K).

The cost of the apparatus, according to factory data, is
C,=40492,175USD. The installed power of the pump for
pumping the oil and gas condensate mixture through the

507



NAFTA-GAZ

eight sequentially connected heat exchangers of the block is
N, =250 kW, and the cost of the pump is C, = 19634.8 USD.
The depreciation deductions are calculated as follows:
For the heat exchanger 10E-04:
A,=(EC)24 TF,=0.14 - 40492.175/(24 - 340 - 273) =

=0.0025USD/m?
For the pump:
A,=(EC)24 TN,=0.14 - 19634.8/(24 - 340 - 250) =
=0.00135USD/kW

Later, the objective function of the optimality criterion for
the process of heating the oil and gas condensate mixture (4),
(5), (6), (12), (13), (16), (17) in this heat exchanger-condenser
10E-04 was studied in relation to the operating conditions of
the atmospheric oil distillation unit at the Bukhara Oil Refinery
(Tekhnologicheskiy reglament..., 2009). The calculation of the
objective function (4) was carried out at the above values of
the design and technological parameters of the process — G,,,,
G, t,, L and ¢, are presented in Table 2.

Based on the results of calculations, curves were plotted
for changes in unit costs [USD/kg] (Figure 2) — depreciation
deductions for a heat exchanger (4) (curve 2) and energy
costs required to carry out the process C, (curve 1) versus the
temperature of heating the oil and gas condensate mixture
tout in the range of its temperature increase 96.1-111.7°C
at a constant temperature of condensation of vapors of total
naphtha ¢, = 136.6°C.

Figure 2 shows that the behaviour in the components of the
unit cost of heating the oil and gas condensate mixture in the
heat exchanger is the cost of pumping the mixture by a pump
through the tubes and process pipes of the apparatus, including
depreciation of pumping equipment C, = C,N + 4,N, as well
as depreciation deductions for the heat exchanger 4 = 4 ,F),
depend on the heating temperature of the mixture.

0.0117

0.0114

0.0111

0.0108

0.0105

0.0102

0.0099

C,, A [USD/kg]

0.0096

0.0093

96 99 102 105 108 111
t[°C]

0.0090

Figure 2. Variation in energy costs and depreciation deductions
during the heating of oil and gas condensate mixture with heavy
naphtha vapors in the heat exchanger 10E-04 at a throughput of
G,, = 105508.3 kg/h and G,= 21960 kg/h;

curve 1 — energy costs required to carry out the process (C,),
curve 2 — depreciation deductions for a heat exchanger (4)

Rysunek 2. Zmiana kosztow energii i odpiséw amortyzacyjnych
podczas podgrzewania mieszaniny kondensatu ropy naftowej

1 gazu ziemnego z cigzkimi oparami benzyny w wymienniku cie-
pta 10E-04 przy przepustowosci G,,, = 105 508,3 kg/h

1 G,=21960 kg/h; krzywa 1 — koszty energii niezbednej do reali-
zacji procesu (C,), krzywa 2 — odpisy amortyzacyjne dla wymien-
nika ciepta (4)

The analysis of the values of the components of the cost

of the heated working mixture C,,. is reduced to the follow-

ing: according to the calculations, the number of depreciation
deductions for the heat exchanger 4 = A F (curve 2), depend-
ing on the mode of its operation, intensively increases along
the sloping curve from 106.66 to 134.39 sums/kg. To pump
a given flow rate of the mixture G,,, = 105 508.3 kg/h through
the tubes of the apparatus, N = 8.1-8.08 kW of power will be

required.

Table 2. The computed optimal criterion results for heating a mixture consisting of 30% oil and 70% gas condensate using heavy
naphtha vapors in heat exchanger 10E-04 determined at operational conditions with a throughput of G,,, = 105508.3 kg/h and

G,=21960 kg/h, alongside a condensation temperature of 136.6°C

Tabela 2. Obliczone wyniki optymalnego kryterium dla ogrzewania mieszaniny sktadajacej si¢ z 30% ropy i 70% kondensatu
gazowego przy uzyciu ci¢zkich oparéw benzyny w wymienniku ciepta 10E-04 okreslone w warunkach roboczych przy przepustowosci
G,,= 1055083 kg/h i G, =21 960 kg/h, przy temperaturze kondensacji 136,6°C

t, At,, K F A,,F,, CN,+ AN, C.
[°C] [°C] [W/(m’ - °C)] [m’] [$/kg] [$/kg] [$/kg]
103.9 32.7 266.350 184.21 0.00914 0.01097 0.0239
104.9 31.7 267.050 191.26 0.00949 0.01094 0.0240
105.9 30.7 267.769 196.97 0.00978 0.01092 0.0241
106.9 29.7 268.480 203.05 0.01008 0.01089 0.0242
107.9 28.7 269.210 209.56 0.01040 0.01086 0.0243
108.9 27.7 269.950 216.54 0.01075 0.01083 0.0244
109.9 26.7 270.000 224.03 0.01112 0.01080 0.0246
110.9 25.7 271.400 232.09 0.01152 0.01078 0.0247
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Taking into account the cost of electricity C, = 0.00343
USD/kW (data for 2021) for refineries and depreciation of
pumping equipment, the total costs for pumping a given flow
rate of the mixture C, = N(C, + 4,) falls in the range from
0.01097 to 0.01078 USD/kg (curve 1). We consider that the
point of intersection of curves 1 and 2, where the value of
the heat exchange surface of the apparatus F,,,, = 219 m?,
C,=0.010825 USD/kg, 4 = 0.010825 USD/kg, C,,= 0.02165
USD/kg and temperature of the heated mixture at the outlet
of the apparatus ¢,,, = 107.23°C, characterizes the optimal
operating conditions of the 10E-04 heat exchanger at its given
productivity G,,, = 105 508.3 kg/h in the conditions of the
Bukhara Oil Refinery.

The comparable cost of C, and 4 is explained by the high
price of imported pumps used at refineries (Grigoryev et al.,
1999; Khudaiberdiev, 2012, 2019a; Khudaiberdiev et al., 2012).

Conclusion

Thus, through the investigation of the objective function of
the optimality criterion for heating the oil and gas condensate
mixture in a shell-and-tube apparatus, the optimal values of the
technological parameters for the process in the industrial heat
exchanger 10E-04 at the Bukhara Oil Refinery were identified:
F=219m’ C,=0.010825 USD/kg, 4 = 0.010825 USD/kg,
C,.=0.02165 USD/kg, and ¢,,, = 107.23°C.

As shown, in this performance mode, the reserve of the
heat transfer surface of the heat exchanger 10E-04 is AF =
=[(304 —219)/304]100% = 28% (12) or 85 m?. This indicates
insufficient utilization of the thermal capacity of the apparatus,
as well as the possibility of further increasing the flow rate of
the heated mixture in the apparatus.

The proposed methodology for optimizing the heating
of crude oil and gas condensate includes a comprehensive
analysis of the energy efficiency of heat exchangers across
three stages of thermal preparation before primary distilla-
tion. It encompasses evaluating current efficiency, optimizing
operational modes, developing modernization recommenda-
tions, conducting a comprehensive performance assessment,
and considering specific operational conditions. This holistic
approach aims to enhance heat exchanger efficiency, reduce
energy consumption, and improve overall process performance.

References

Akhmetov S.A., 2013. Technology of deep processing of oil and gas.
Textbook for universities specializing in “Chemical technology
of natural energy carriers and carbon materials”. 2" ed. Nedra,
St. Petersburg, 541.

Akhmetov S.A. (eds.), Serikov T.P., Kuzeev L.R., Bayazitov .M.,
2006. Tekhnologiia i oborudovanie protsessov pererabotki nefti
i gaza. Textbook. Nedra, St. Petersburg, 868.

08/2024

Babkin V.A., Buryukin F.A., KiselevaA.S., Grigoriev A.V., Kositsyna S.S.,
2014. Uvelicheniye energeticheskoy effektivnosti v protsesse
atmosfernogo peregonki nefti. Izvestiya Tomskogo politekh-
nicheskogo universiteta. Khimiya i Khimicheskiye Tekhnologii,
325(3): 56-63.

Barulin Ye.P., Kuvshinova A.S., Kirillov D.V., 2009. Laboratornyy
praktikum po teplovym protsessam. Uchebnoye posobiye.
IGKHTU, Ivanovo, 65.

Bochkarev V.V., 2014. Optimizatsiya khimiko-tekhnologicheskikh
protsessov: uchebnoe posobie. Tomsk Polytechnic University,
264. DOI: 10.13140/2.1.1119.6487.

Boyarinov A.l., Kafarov V.V., 1975. Metody optimizatsii v khim-
icheskoy tekhnologii. Izd. Vtoroye, Pererab. i Dop. Khimiya,
576.

Cengel Y.A., Ghajar A.J., 2020. Heat and Mass Transfer —
Fundamentals and Applications. 6™ ed. McGraw-Hill Education,
New York.

Chen Q., Ren J.X, 2008. Generalized thermal resistance for con-
vective heat transfer and its relation to entransy dissipation.
Chinese Science Bulletin, 53(23): 3753-3761. DOI: 10.1007/
s11434-008-0526-8.

Ezgi C.N., 2017. Basic Design Methods of Heat Exchanger. In book:
Heat Exchangers — Design, Experiment and Simulation. Chapter 2.
<https://www.intechopen.com/books/heat-exchangers-design-
-experiment-and-simulation/basic-design-methods-of-heat-ex
-changer>. DOI: 10.5772/67888.

Glagoleva O.F., Kapustina V.M., 2006. Tekhnologiya pererabotki
nefti. V 2-kh chast’yakh. Chast’ pervaya. Pervichnaya pererabotka
nefti. Khimiya, KolosS, 400.

Grigoryev B.A., Bogatov G.F., Gerasimov A.A., 1999. Teplofizicheskie
svoystva nefti, nefteproduktov, gazovykh kondensatov i ikh frakt-
siy. Pod obshch. red. prof. B.A. Grigoryeva. Izdatelstvo MEI, 372.

Heat exchange equipment market, 2022. <https://www.imrg.ru/
heat_exchanger.html> (acces: 10.06.2024).

Ismailov O.Yu., 2023. Influence of hydrodynamic regimes of hy-
drocarbon flows on the efficiency of tubular heat exchangers for
scale formation. Author s abstract of thesis Doctor of Technical
Sciences, Tashkent, 58.

Ismaylov O.Y., Khurmamatov A.M., Ismaylov M.K., Auesbaev A.U.,
Utegenov U.A., 2024. Investigations of the impact of the magnetic
field on the process of formation of scaling in thermal devices.
Nafta-Gaz, 80(2): 115-121. DOI: 10.18668/NG.2024.02.07.

Karimi H.H., Ashtiani H.A.D., Aghanajafi C., 2021. Optimization
Techniques for Design a shell and tube heat exchanger from
economic view. AUT Journal of Mechanical Engineering, 5(2):
9-9. DOLI: 10.22060/ajme.2020.18027.5882.

Kharaji S., 2021. Heat Exchanger Design and Optimization. DOI:
10.5772/intechopen.100450.

Khudaiberdiev A.A., 2012. Sravnitel’nyy analiz svoystv teplosoley
dlya nagrevaniya nefti. Uzbekskiy Khimicheskiy Zhurnal, Tashkent,
4: 57-60.

Khudaiberdiev A.A., 2019a. Intensifikatsiya protsessa podogreva
neftyanogo syrya. Navroz, Tashkent, 213.

Khudaiberdiev A.A., 2019b. Study of the static of the process of heat-
ing hydrocarbon raw materials in tubular apparatus. International
Scientific and Technical Journal Chemical Technology. Control
and Management, 85(1): 63—67.

Khudaiberdiev A.A., Khudaiberdiev Ab.A., 2010. Analiz konstruk-
tsii teploobmennikov neftepererabatyvayushchikh predpriyatiy.
Problemy formirovaniya i vnedreniya innovatsionnykh tekh-
nologiy v usloviyakh globalizatsii: Sbornik nauchnykh statey
mezhdunarodnoy NPK. Chast’ II. TashGU im. Beruni, Tashkent,
72-74.

Khudaiberdiev A.A., Artikov A., Rakhimzhanova Sh.S., Shoman-
surov F.F., 2022. Optimizatsiya protsessa podogreva neftegazokon-

509



NAFTA-GAZ

densatnoi smesi parami nafty v teploobmennike-kondensatore
10E-03 ustanovki pervichnoi peregonki nefti. Zhurnal Universum:
Tekhnicheskie Nauki, Moskva, (97(4): 10-17.

Khudaiberdiev A.A., Ismailov O.Yu., Sayidmuradov M.M., 2012.
Izucheniye vyazkosti nefti, gazovogo kondensata i ikh smesei.
Khimicheskaya Tekhnologiya, Kontrol i Upravleniye, Tashkent,
6: 50-53.

Khudaiberdiev A.A., Rakhimzhanova Sh.S., 2021. Technique for
refined calculation of heat exchange during condensation of
vapors of fractions of oil and gas condensate mixture in the shell
and pipe apparatus.Scientific and Technical Journal of Namangan
Institute of Engineering and Technology, 6(4): 126—133.

Khudaiberdiev A.A., Rakhimzhanova Sh.S., 2022. Modelirovaniye
statiki protsessa podogreva neftegazokondensatnoy smesi pri
kondensatsii parov nafty v gorizontalnom kozhuhotrubchatom
apparate. Zhurnal Universum: Tekhnicheskiye Nauki. Moskva,
97(4), 17-21.

Khurmamatov A.M., Auesbaev A.U., 2023. Analysis of the operat-
ing mode of the existing desorber and its modernization using
additional contact devices. Nafta-Gaz, 79(6): 412—419. DOI:
10.18668/NG.2023.06.05.

Khurmamatov A.M., Auesbaev A.U., Ismaylov O.Y., Begzhanova
G.B., 2023a. Effect of temperature on the physico-chemical prop-
erties of n-methyldiethanolamine. Processes of Petrochemistry
and Oil Refining, 24(1): 99-107.

Khurmamatov A.M., Matkarimov A.M., Auesbaev A.U., Utegenov U.A.,
2023c. Results of experiments on studying the composition and

Fozilbek Fattaxvich SHOMANSUROV, M.Sc.
Teacher at the Department of Engineering Graphics
and Fundamentals of Mechanics

Tashkent Institute of Chemical Technology

32 Navoi str., 100011 Tashkent, Uzbekistan;

Basic doctoral student at the Institute of General

and Inorganic Chemistry

Academy of Sciences of the Republic of Uzbekistan
77a Mirzo-Ulugbek Ave., 100170 Tashkent, Uzbekistan
E-mail: shomansurov.fozilbek@mail.ru

purification of technical water of oil and gas processing plant.
Processes of Petrochemistry and Oil Refining, 24(4): 671-678.

Khurmamatov A.M., Yusupova N.K., Auesbaev A.U., Abdurakhimov S.S.,
2023b. Results of a study on the treatment and separation of water
from hydrocarbon waste. Processes of Petrochemistry and Oil
Refining, 24(3): 421-430.

Lahiri S.K., Khalfe N.M., Wadhwa S.K., 2012. Particle swarm opti-
mization technique for the optimal design of shell and tube heat
exchangers. Chemical Product and Process Modeling, 7(1). DOI:
10.1515/1934-2659.1612.

Manovyan A.K., 2001. Technology of primary processing of oil and
natural gas. A textbook for universities. 2™ ed. Chemistry, 568.

Pavlov K.F., Romankov P.G., Noskov A.A., 2006. Primeri i za-
dachi po kursu processov i apparatov khimicheskoi tekhnologii:
Uchebnoe posobie dlia vuzov pod red. chl.-korr. AN Rossii P.G.
Romankova. 13 izd., stereotipnoe. Perepechatka s izdaniya. OOO
TID Al’ians, 576.

Report of the Academy of Industrial Market Studies: the market of
shell-and-tube heat exchange equipment in Russia, 2008. <www.
akpr.ru> (acces: 10.06.2024).

Skoblo A.I., Molokanov Yu.K., Vladimirov A.I., Shchelkunov V.A.,
2000. Protsessy i apparaty neftegazopererabotki i neftekhimii.
Uchebnik dlya vuzov. 3-e izd., pererab. i dop. OOO Nedra-
Biznestsentr, Moscow, 677.

Tekhnologicheskiy reglament ustanovki atmosfernoy peregonki smesi
nefti i gazokondensata i fraktsionirovaniya gidroochishchennoy
nafty Bukharskogo, 2009. NPZ. TR 16472899-001, 2009.

Whitaker S., 2013. Fundamental Principles of Heat Transfer — Part 1.
Pergamon Press, Elsevier, Oxford, United Kingdom.

Abdugaffor Mirzaabdullaevich KHURMAMATOYV, Sc.D.
Head of laboratory at the Institute of General

and Inorganic Chemistry

Academy of Sciences of the Republic of Uzbekistan
77a Mirzo Ulugbek Ave., 100170 Tashkent, Uzbekistan
E-mail: gafuri_19805@mail.ru

Alisher Usnatdinovich AUESBAEYV, Ph.D.
Associate professor at the Branch of Gubkin Russian
State University of Oil and Gas (NRU) in Tashkent
=y 34 Durmon yuli str., 100125 Tashkent, Uzbekistan;
Academy of Sciences of the Republic of Uzbekistan
77a Mirzo Ulugbek Ave., 100170 Tashkent, Uzbekistan
E-mail: alisherauesbaevi@gmail.com

Zamirbek Mukhtorovich KHAMETOYV, Ph.D.
Head of the Department of Land Transport Vehicles
and their Exploitation

Fergana Polytechnic Institute

86 Fergana str., 150107 Fergana, Uzbekistan
E-mail: zamir311384@mail.ru

Oybek Yuliboyevich ISMAILOV, Sc.D.

Leading researcher at the Institute of General

and Inorganic Chemistry

Academy of Sciences of the Republic of Uzbekistan
77a Mirzo Ulugbek Ave., 100170 Tashkent, Uzbekistan
E-mail: ismoilovnmpi@mail.ru

510

Jalolidin Azizjon MUMINOYV, Ph.D.

Head of the Department of Chemical Technology
of Oil Refining

Tashkent Institute of Chemical Technology

32 Navoi str., 100011 Tashkent, Uzbekistan
E-mail: mominovjacadem@gmail.com



