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CURRENT STATE OF TECHNOLOGICAL PROCESSES
FOR HIGH-PERFORMANCE CLEANING OF FOULED HEAT EXCHANGERS:
PROSPECTS AND RESEARCH DIRECTIONS

Plate and shell-and-tube heat exchangers are widely used in the chemical and food industries, as well as in nucle-
ar and thermal power generation. Physical and chemical phenomena such as sedimentation, crystallization, chemical
reactions, corrosion, and biofouling, which occur during heat exchange processes, reduce heat transfer rates. They
form solid deposits, and foul the internal tubes of heat exchangers, which is an extremely critical factor for industrial
production and can lead to unprecedented financial losses.

Purpose. To determine the most promising directions for developing methods for cleaning shell-and-tube heat
exchangers for nuclear, thermal power plants, and other industrial applications based on determining the current state
of technological processes for high-performance cleaning of contaminated heat exchangers.

Methodology. Theoretical and experimental data are studied, obtained during the development of methods for clean-
ing the internal surfaces of heat exchangers, and presented in various scientific and technical sources of information.

Findings. The results are presented by comparing the nature of technological processes and the effectiveness of
methods for cleaning the internal surfaces of heat exchangers, as well as assessing the influence of certain coatings on
increasing the service life of internal pipelines.

Originality. The conducted analysis of methods for cleaning the internal surfaces of heat exchangers, as well as the
impact of coatings on extending the service life of internal pipelines, allowed us to:

- identify progressive technologies for cleaning contaminated heat exchangers used in the energy sector and vari-
ous industries;

- establish methods for determining the effectiveness of new and proven technologies, such as ultrasonic vibrations
of the cleaning fluid;

- summarize assessments of the impact of various treatments (chemical and vibrational) on the quality of cleaning
heat exchanger tubes.

Practical value. A comparative analysis of the effectiveness of potential research approaches to improving heat
exchanger cleaning methods will enable the selection of the most promising ones for solving practical problems in

improving cleaning technologies for specific heat exchanger designs.
Keywords: shell-and-tube heat exchanger, pipeline surface cleaning, heat transfer rate, cavitation oscillations

Introduction. The increasing capacity of power gen-
eration systems is driving the search for new ways to im-
prove the efficiency of their heat exchangers. Heat ex-
changers are also widely used in the chemical and food
industries.

Most heat exchangers in development are plate [1]
and shell-and-tube heat exchangers [2]. Improving en-
ergy efficiency and energy conservation are key areas of
development in the modern energy sector [3]. Plate
and shell-and-tube heat exchangers are designed to ad-
dress energy conversion and energy conservation is-
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sues, particularly in modern thermal and nuclear power
plant systems.

Shell-and-tube heat exchangers (Fig. 1 shows their
operating principle) have a more robust design com-
pared to plate heat exchangers, which is necessary to
ensure the reliable operation of large power generation
systems. Shell-and-tube heat exchangers provide higher
throughput and operate optimally at large temperature
differences and are preferred over plate heat exchangers.

Shell-and-tube heat exchangers for nuclear power
plants naturally have specific design features. They are ca-
pable of withstanding higher specific heat fluxes than heat
exchangers used in conventional power plant processes.
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Nuclear power plant heat exchangers, whose tubes
carry radioactive and corrosive media, are made of rela-
tively expensive stainless steel. To conserve steel, heating
surfaces and heat exchanger shells are designed with
minimal thickness, avoiding excessive safety margins
while still ensuring the necessary reliability for long-
term operation [4].

However, it is known that various physical and
chemical processes occur in shell-and-tube heat ex-
changers in power generation systems, such as sedimen-
tation, crystallization [4], chemical reactions, corro-
sion, and biofouling. The combination of these process-
es leads to fouling of the internal surfaces of the pipe-
lines. Fouling of the internal surfaces of the heat ex-
changers reduces the rate of heat transfer. Over long
periods of operation, this can become extremely critical
to operational performance, forming hard deposits and
clogging internal tubes. A decrease in heat transfer rate
leads to significant technical problems in the heat ex-
changer’s operational process. Fouling causes signifi-
cant losses in power generation due to the deterioration
of the power generation system’s efficiency. These losses
in power generation can lead to unplanned or planned
system shutdowns due to fouling, which ultimately re-
sult in significant financial losses.

In the chemical industry, the main problems with heat
exchangers include pipeline wall fouling, leaks, and in-
creased energy consumption. All of these issues directly
impact heat exchanger efficiency and, consequently, the
performance of downstream equipment. It has been noted
[5] that many of these issues are interrelated. For example,
many heat exchanger leaks are caused by technical issues
in the fluid flow distribution units. If the unsteady flow
through the heat exchanger is uneven, high turbulent flow
velocities can cause an additional problem: vibration. This
uncontrolled vibration can, in some cases, exacerbate the
erosive effects in heat exchangers, which then leads to fre-
quent, uncontrolled leaks, creating problematic mainte-
nance and associated unnecessary financial costs.

In the agro-industrial and water supply sectors, foul-
ing of the hot walls of process heat exchangers is also
common. Eliminating fouling requires frequent clean-
ing cycles to ensure hygienic requirements [6]. However,
the use of frequent, drastic, and expensive cleaning
measures to avoid any risk of heat exchanger fouling
leads to excessive use of rinse water and caustic chemi-
cals (sodium hydroxide and hydrochloric acid solu-
tions). This reduces the environmental performance of
process equipment and increases the risk of subsequent

32

Fig. 1. Schematic diagram of a shell-and-tube heat ex-
changer:

1 and 3 are the inlet and outlet channels of the cooled lig-
uid; 2 and 4 are the inlet and outlet channels of the cooling
liquid

surface fouling and biofilm formation, which also car-
ries the risk of causing significant environmental dam-
age to the plant.

The purpose of this article is to:

- determine the current state and analyze the effec-
tiveness of various technological processes for the high-
performance cleaning of contaminated heat exchangers;

- systematize potential research areas for improving
modern heat exchanger cleaning methods, including the
use of high-frequency turbulent flows of cleaning fluids
in combination with chemical methods for treating the
internal surfaces of pipelines.

Systems for diagnosing the degree of fouling of the sur-
face of heat exchanger pipelines as an integral part of pro-
gressive cleaning technologies. Currently, heat exchanger
diagnostic systems (in particular, those for determining
the critical degradation time and the need for heat ex-
changer cleaning) are not established for modern heat
exchanger designs. Their operating principles and the
equipment used can vary significantly for different heat
exchange processes.

For example, Algorithmica Technologies GmbH has
developed a method that predicts the operating time of a
shell-and-tube heat exchanger before it reaches critical
degradation. Such critical degradation in a heat exchang-
er system cannot be tolerated, requiring major repairs or
cleaning of the shell-and-tube heat exchanger [4]. After
conducting sample measurements, the method deter-
mines the time dependence of heat transfer degradation
and calculates the estimated operating time before heat
exchanger cleaning becomes absolutely necessary.

In this context, the method developed by Hexxcell
Studio™ is of interest. This method enables advanced
monitoring, preliminary analytical processing of results,
and mandatory maintenance of industrial heat transfer
systems.

At the same time, quantitative assessment of heat ex-
changer fouling can be performed using experimental
methods, and in some cases, numerical methods are
also used.

The most common experimental methods are based
on measurements of the following parameters:

- pressure drop;

- mass flow rate of liquids and determination of heat
transfer parameters [7—9];

- as well as hydrodynamic monitoring and acoustic
analysis methods.

According to [4], the most important advantages of
existing online fouling monitoring methods are the reli-
ability, relevance, and ease of interpretation of the infor-
mation contained in the indicator (local fouling, repre-
senting the local thickness of the hot wall layer, or glob-
al fouling, representing the fouling state throughout the
heat exchanger), as well as the time required to deter-
mine the degree and causes of fouling.

The article [7] presents a non-destructive ultrasonic
testing technology. The non-destructive ultrasonic test-
ing method (using coded waves and associated signal
processing) was used to monitor the evolution of a de-
posit layer on a solid wall over time during a cleaning
process. The feasibility of the method was tested by ap-
plying a wax sample of controlled thickness to the sur-
face to simulate the initial state of contamination, and
then “starting” the cleaning cycle. Experimental results

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, N2 1 77



showed that the non-destructive testing technology
proposed by the authors is quite sensitive to changes in
the degree of contamination, and the correlation coef-
ficient curves are consistent with video data of the
cleaning kinetics.

Modern technologies for cleaning contaminated heat
exchangers. This section presents some technological di-
rections for cleaning heat exchangers, based on tech-
nologies that are either already used in industry and re-
quire development, or promising ones that require fur-
ther theoretical and experimental development and im-
plementation.

Ultrasonic cleaning technologies for heat exchangers.
Heat exchangers can be cleaned using in-situ ultrasonic
heat exchanger cleaning technology [10, 11]. Cleaning
contaminated shell-and-tube heat exchangers requires
shutting down the entire process. Experience shows [12]
that solutions implemented on a shut-down shell-and-
tube heat exchanger ultimately yield fairly reliable clean-
ing results.

The TECH SONIC’S Cleaning technology [13] is
successfully used in Canada and the USA. This technol-
ogy requires removing the tube bundle of a shell-and-
tube heat exchanger from the process unit and placing it
in an external ultrasonic cleaning system. The tube bun-
dle is completely immersed in a cleaning fluid in a spe-
cial tank. The tube bundle and cleaning fluid are ex-
posed to ultrasound. According to the developer, exist-
ing contaminants are removed quite reliably in practice.

In practice, a cleaning method is also used that in-
volves inserting a removable ultrasonic transducer into
the shell of a shell-and-tube heat exchanger. The liquid
medium is excited by an ultrasonic source to generate
cavitation acoustic waves. The position of the ultrasonic
transducer within the tube inside the heat exchanger is
adjusted. Preferably, the cleaning equipment should in-
clude a control system for the ultrasonic transducer ex-
citation and position, as well as a liquid fouling sensor.

Cleaning technologies for heavily contaminated internal
tubes of shell and tube heat exchangers using drilling holes.
Due to the low efficiency of cleaning technologies in the
presence of solid contaminants and blockages, as well as
other negative phenomena, drilling holes in contami-
nated heat exchanger pipes is often chosen as a solution.

During the development of this technology, many
concerns were raised about using this method for
cleaning internal pipes due to the potential for damage.
With the Radler Tube Cleaning (RTC) process [14] be-
ing used, this negative effect can be completely avoid-
ed. During cleaning, a drill inserted into the pipe is
held away from the internal surfaces by a guide ring,
while water exits the guide ring under 2 bar pressure,
carrying away loosened contaminants. Water and con-
taminants flow between the guide ring and the internal
surface of the pipe in the direction opposite to the
drill’s movement [15].

Friction between the surface of the internal pipe and
the guide ring creates a very clean surface for the internal
pipes. In practice, the high quality of cleaning achieved
using the RTC method leads to an increase in the service
life between repairs. However, residual deposits on the
inner tube surfaces lead to rapid fouling and increased
blockage. Using the RTC method significantly reduces
environmental impact and operator workload.

However, since this drilling process can only be used
to remove hard deposits and blockages in straight tubes,
pipe elbows connecting tubes or the hoods (chambers)
of shell-and-tube heat exchangers must be cleaned us-
ing other cleaning processes.

Chemical cleaning technologies for heat exchangers.
The operation of heat exchange equipment is often as-
sociated with the formation of scale deposits due to the
crystallization of calcium and magnesium salts. Effec-
tive scale removal remains a complex scientific and tech-
nical challenge. In the work [16], the results of the study
are presented showing that “10 % sulfamic acid dissolves
up to 46 % of the deposit in the tube of the KhVO PP-1
heat exchanger, while the average corrosion rate of the
metal of the heat exchanger tubes is 0.861 10-7 kg/m? s.
Deposits from the tubes of the KhVO PP-1 heat ex-
changer were also subjected to dissolution by hydro-
chloric acid”. In order to improve the anti-corrosion
properties, the authors of the given work developed their
own method of inhibiting hydrochloric acid. It consists
of introducing a nitrogen-containing corrosion inhibi-
tor (thiourea) into 20 % hydrochloric acid. According to
the results of laboratory tests it was established that 20 %
hydrochloric acid with the addition of thiourea com-
pletely dissolves the deposit. In this work also the nega-
tive influence of zinc (present in brass) on the protective
properties of the corrosion inhibitors urotropine and
thiourea is noted. Effectively creating protective effects
on pure metals (iron, copper) and alloys containing
zinc, these inhibitors do not prevent the dissolution of
zinc from the alloy upon contact with acids and the sub-
sequent dissolution of the base metal itself.

In [16], the optimal protective effect of a corrosion
inhibitor of 55.2 % was established. It was obtained on a
copper plate immersed in a 5 % hydrochloric acid solu-
tion with the addition of 100 mg/1 of AZ 8104 inhibitor.

Chemical methods of descaling include the cleaning
method [17], which consists of dissolving scale inside
heating devices. The resulting descaling concentrate
contains phosphoric acid (V) and components that in-
hibit corrosion, antifoaming agents, and antimicrobial
agents (formaldehyde, ammonium chloride, copper sul-
fate, and zinc sulfate). As a result of scale dissolution,
wastewater is formed, which can be fully used as raw
material for the production of phosphate fertilizers. As a
result, both the resulting preparation and its use are
completely waste-free.

Technologies for hydrodynamic cleaning of heat ex-
changers under high pressure when dismantling is neces-
sary. Given the various fluid flows, flow rates, and pre-
vailing temperatures that occur in heat exchangers un-
der operating conditions, heat exchanger cleaning tech-
nologies can utilize vibration in the internal tubes and
the use of cleaning balls during operation [2].

One method for cleaning shell-and-tube heat ex-
changers without dismantling them is to flush the tubes
internally and externally with cleaning fluids [18]. These
cleaning fluids utilize cleaning technology based on bio-
chemical or chemical processes [19], as well as physical
laws and the processes that implement them [5].

Most cleaning service providers utilize high-pressure
cleaning technology to clean fouled shell-and-tube heat
exchangers [19]. The external surfaces of tube bundles are
generally successfully cleaned using high-pressure clean-
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ing technology. However, if the internal tubes of heat ex-
changers contain hard deposits and fouling, cleaning by
using high-pressure hydraulic cleaning technology be-
comes a challenge. High-pressure cleaning technology
typically uses water or, in some cases, chemical additives
dissolved in water. Other methods use dry ice or special
cleaning granules [20]. These methods also require a long
time to achieve acceptable cleaning results.

Intensification of hydrodynamic cleaning of heat ex-
changers. The development of cavitation-pulse technol-
ogies using hydrodynamic processes implemented with a
cavitation fluid pressure pulse generator and the creation
of a surface cleaning technology for various industrial
devices based on this approach by the Institute of Tech-
nical Mechanics of the National Academy of Sciences of
Ukraine and the State Space Agency of Ukraine (under
the direction of Academician V. V. Pilipenko [21]) have
found application in the space and metallurgical indus-
tries of Ukraine. The possibilities for using such pulsat-
ing liquid flows at the outlet of a cavitation generator
have been explored and new approaches have been de-
veloped for the development of new, high-performance,
environmentally friendly technological processes for
cleaning the surfaces of various devices in metallurgy,
mining, and other industries. A schematic axonometric
view of a cavitation generator is shown in Fig. 2.

The cavitation generator 2 is the key element of the
device. It converts a steady fluid flow into a discrete,
pulsed, high-power fluid flow. The generator’s flow path
is designed as a converging-expanding channel, similar
to a Venturi tube, with a special geometry [22, 23]. The
inlet hydraulic channel / of the cavitation generator
serves to equalize the fluid flow velocity field at the gen-
erator entrance and is designed as a pipe with a specific
length-to-diameter ratio.

The outlet hydraulic channel 3 is a section of pipe
with geometric dimensions that, at a given generator op-
erating mode, ensure pressure oscillation ranges two or
more times greater than the static pressure at the genera-
tor inlet, with minimal vibrational energy loss at the
cavitation generator outlet.

The cavitation generator is secured with tie bolts 4
via flange connections between the inlet 7/ and outlet 3
hydraulic channels. The inlet and flow channels of the
cavitation generator also provide places for installing
pressure gauges 5, as well as a pressure pulsation sen-
sor — 6.

The Institute of Mechanical Engineering of the Na-
tional Academy of Sciences of Ukraine and the State
Space Agency of Ukraine also conducted research into
the cavitation flow patterns of a high-pressure pulsed
hydroabrasive jet and the conditions for its formation.
The results of these theoretical and experimental studies
[21] enabled the development and practical implemen-

Fig. 2. Schematic representation of a 3-D projection
of a cavitation generator

tation of promising technologies and installations for
cavitation-pulse hydroabrasive machining (KIGAU) of
various surfaces, particularly the metal surfaces of rocket
structures. The KIGAU circuit and technical solutions
are based on more than 25 inventions.

The above-mentioned scientific and technical
achievements were utilized by Import Trade Company
and the Institute of Transport Systems and Technologies
of the National Academy of Sciences of Ukraine [22].
An experimental prototype of a device for intensifying
the cleaning process for the surfaces of a shell-and-tube
heat exchanger, incorporating a cavitation generator,
was created.

The equipment installation diagram for testing the
new technology for hydropulse cleaning of the inner
surface of a tubular heat exchanger collector using a cav-
itation generator is shown in Fig. 3.

The process unit consisted of the following main
components:

1 — pump unit;

2 — cavitation generator, a Venturi tube with special
geometric parameters;

3 — hydraulic outlet channel;

4 — tubular heat exchanger manifold;

5 — pressure gauges;

6 — pressure pulsation sensor;

7 — adjustable throttle;

8 — drain line.

The technological capabilities of installing the
equipment according to this scheme made it possible to
test the cavitation generator to determine its dynamic
parameters (the amplitude of self-oscillating pressure
AP and their frequency fversus the backpressure P,) and
the initial and final cleaning times of the tubular collec-
tor, as well as the effectiveness of the new technology
using periodically stalled cavitation flow modes of the
cleaning fluid.

A study of the cavitation generator’s dynamic param-
eters — the amplitude of self-oscillating pressure AP and
their frequency f — confirmed the presence of a pulsed
oscillatory process. Thus, during hydropulse cleaning of
the inner surface of the VVP 219 x 4000 x 1.0-RG heat
exchanger tubes at steady-state inlet pressures of
P, =5.2 kg/cm? and backpressure P, ~ 1.6 kg/cm? — the
amplitude of self-oscillating pressure AP was approxi-
mately three times greater than the pressure at the gen-
erator inlet. This is clearly confirmed by the oscillogram
(recorded by the pulsation sensor 6 in Fig. 3) of the dy-
namic process of changing the pressure over time in the
flow channel of the cavitation generator, shown in Fig. 4.

Using vibration acceleration measurements during
hydropulse cleaning, the dominant (fundamental)
modes of natural mechanical vibrations of the heat ex-
changer structure were determined. It was determined

Fig. 3. Flow chart for testing hydropulse cleaning
of the inner surface of a tubular heat exchanger
collector
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Fig. 4. The process of change in time t of the experimental
dependence of pressure p, in the flow part of the out-
put hydraulic channel

that during testing, secondary vibration modes with a
frequency of approximately 157 Hz were superimposed
on the fundamental vibration modes of the structure.
These modes were caused by the repeated collapse of
the cavitation cavity and the dynamic interaction of the
mechanical part of the structure with the fluid in the
flow path of the cavitation generator and the hydraulic
outlet channel. This vibrational action on the surface
deposits of the heat exchanger tubes, with frequencies
close to resonant frequencies, promotes the develop-
ment of a network of microcracks in the existing surface
deposits. This leads to delamination and disruption of
the deposits, as well as the effective removal of detached
particles from the cleaning zone by the pulsating flow of
cleaning fluid.

Figs. 5 and 6 show photographs of the internal sur-
faces of the heat exchanger tubes before cleaning them
using the hydropulse method.

The average thickness of the growths on the inner sur-
faces of the tubes (mainly with a chemical composition of
calcium, iron and sulfur oxides) ranged from 1 to 3 mm.

As can be seen in Fig. 6, the coolant inlet channel was
additionally clogged with sludge deposits, chlorides, sul-
fates, and other aggressive compounds that promote la-
tent corrosion. Such fouling of the internal and external
surfaces of the heat exchanger tubes significantly reduces
its efficiency. The results of cleaning the same heat ex-
changer tube bundle using hydropulse are shown in Fig. 7.

The results of hydropulse cleaning of the internal (a)
and external (b) tube surfaces using a heat exchanger
cleaning solution under industrial conditions showed
that high cleaning quality was achieved, reaching practi-
cally Sa3 according to ISO 8501. The use of the devel-
oped heat exchanger cleaning technology did not re-
quire the heat exchanger itself.

The use of a cavitation generator in hydropulse
cleaning technologies for heat exchanger working sur-
faces leads to increased cleaning speed and quality while
reducing specific energy consumption by up to 30 %.

Development of technologies for increasing the efficien-
¢y of heat exchange devices at the design stage in order to
ensure a reduced rate of fouling during operation. It is ad-
visable to develop cleaning technologies during the de-
sign stage of heat exchangers, taking into account the
potential for surface fouling during operation. In this
case, the design must employ methods to mitigate the

Fig. 5. Photograph of the internal surfaces of the heat ex-
changer tube bundle before cleaning

Fig. 6. Photograph of the external surfaces between the
tube bundles of the heat exchanger before their cleaning

Fig. 7. Photographs of the inner (a) and outer (b) top
of the heat exchanger tube bundle after cleaning
by the hydro-impulse method

impact of factors that lead to possible fouling during op-
eration, as well as to maintain the heat transfer area un-
der potential fouling conditions.
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The use of special technical solutions to reduce the ten-
dency to fouling. During the design of heat exchangers,
many important factors are considered [24] to minimize
the occurrence and accumulation of fouling. Specifi-
cally, these may include:

a) redistributing the greater flow rate of the fouling
fluid to the tube side;

b) designing the heat exchanger to optimize the fluid
flow rate in various sections of the heat exchanger;

¢) ensuring easy access for cleaning the heat ex-
changer;

d) creating a system to control fluid flow conditions and
the condition of the tube wall, preventing the temperature
at which unwanted salt deposition begins to occur.

The use of coatings with special films. The use of
amorphous carbon coatings, also known as diamond-
like carbon (DLC), in heat exchangers has demonstrat-
ed significant fouling reduction. However, their success-
ful application, particularly in shell-and-tube heat ex-
changers, has not yet been widely adopted. Researchers
at the Upper Austrian University of Applied Sciences
(Wels, Austria) are advancing the industrial application
of DLC using the RUBIG Group’s PACVD reactor
technology [25].

The article [26] presents experience in testing the
welding of DLC-coated tubes and components for a
shell-and-tube heat exchanger (internal diameter
600 mm, length 5,000 mm, 200 tubes with an external
diameter of 25 mm). It was determined that the achieved
weld quality was quite satisfactory. The coatings exhib-
ited minor ablative defects near the weld zone. It has
been shown that devices of this size can be used with
DLC coatings with an efficiency of 80—90 %, capable of
withstanding high pressures and temperatures up to
450 °C. With improvements in the quality of DLC-coat-
ed tube production, the authors plan to achieve a coat-
ing efficiency of 99 % in the future.

The authors summarize the current state of research
and future work on the application of DLC coatings to
heat exchangers as follows. Currently, industrial use of
DLC [27] is primarily found in plate heat exchangers, as
coating flat surfaces has already proven itself to be effec-
tive. Applying the coating inside deep cavities is gener-
ally difficult, so long tubes, typically used in shell-and-
tube heat exchangers, cannot be coated internally on an
industrial scale.

In cases where the base material can withstand suf-
ficient corrosion resistance without coating, full protec-
tion with a DLC layer is not necessary. For example, if
weld areas are not coated, there may be a limited anti-
fouling effect of around 10 %, but the major benefit in
terms of heat transfer will still occur.

The potential of 3D printing heat exchanger designs
to optimize heat transfer and reduce heat exchanger foul-
ing. In addition to traditional heat exchanger manu-
facturing methods (such as casting, cavity machining,
and molding), additive manufacturing is of significant
interest in achieving heat exchanger fouling reduction
goals [28]. Additive manufacturing is also known as
3D printing.

Designing unique heat exchanger designs and imple-
menting additive manufacturing offers many advantages
over traditional shell-and-tube heat exchanger manu-
facturing methods.

The main advantages of using additive manufactur-
ing include:

- a greater degree of freedom in developing new de-
sign solutions and heat exchanger structures (3D print-
ing has currently become the most powerful technology
for rapid design, prototyping, and manufacturing [29]);

- 3D printing appears to enable the creation of more
complex and integrated structures, in which the heat ex-
change surface area can be optimally increased, signifi-
cantly improving heat transfer performance;

- custom design (using fins and meshes) can be opti-
mized to meet specific heat transfer requirements;

- the ability to easily print replaceable parts [30].

Complex geometry and internal design are among
the key advantages of 3D printing technology. These
features enable the creation of complex and customized
designs that are difficult or impossible to achieve using
traditional manufacturing methods.

In particular, a case study of temperature-sensitive
composite structures (TPMS) is described in the litera-
ture [31], where Cheng et al. designed a heat exchanger
based on minimal surfaces. The flow passed along a
TPMS with dimensions of 2.54 X 2.54 X 20.32 mm with
a structure porosity of ¢ = 20—80 %. In another study,
Khalil, et al. [32] first numerically and then experimen-
tally investigated forced convection during heat transfer
using a triple periodic minimum surface TPMS struc-
ture, i. e., diamond-shaped (D) or gyroidal (G), with a
size of 10 mm and a porosity of 80 %. It was found that
the gyroidal plate structure has the lowest thermal resis-
tance and the highest heat transfer coefficient due to its
largest surface area. This work opens new perspectives
for the design of 3D printed structures. Thus, the new
capabilities of 3D printing for developing complex heat
exchanger geometries have revolutionized heat transfer.
These heat exchanger designs offer increased efficiency
and the ability to customize their operating parameters
over a wide range.

The implementation of these more efficient heat ex-
changer designs can lead to more efficient processes in
power plant heat exchangers, reducing operating costs
for electricity generation.

Conclusions. Based on advances in research into var-
ious technological processes for the highly effective
cleaning of fouled heat exchangers, a number of conclu-
sions have been drawn regarding the current state of de-
velopment of methods and devices for diagnosing, re-
moving, and ensuring the stable operation of industrial
heat exchangers. It has been established that a number
of technological processes and their heat exchange
equipment require targeted development, both for im-
provement and for a revolutionary revision of their de-
sign principles. Specifically, the following research areas
are promising:

- the development and implementation of systems
for diagnosing the degree of fouling in shell-and-tube
heat exchangers, both for determining the start time of
the heat exchanger cleaning process and for optimizing
heat transfer control, can significantly improve the qual-
ity of technological processes in existing power genera-
tion systems and various industries;

- ultrasonic cleaning of heat exchangers ultimately
yields fairly reliable results and can be used in advanced
cleaning systems;
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- due to the low efficiency of existing cleaning tech-
nologies in the presence of solid contaminants and
blockages, drilling holes in contaminated heat exchang-
er pipelines is also a promising solution (however, the
drilling process can only be used to remove hard crusts
and blockages in straight pipes);

- work on heat exchanger cleaning technologies us-
ing chemical action on contaminated surfaces is promis-
ing, although, depending on the scope of their indus-
trial application, there are a number of materials science
issues that need to be addressed when implementing
these technologies;

- the use of cleaning solutions, vibration in internal
pipes, and the use of wash balls during operation are also
promising in heat exchanger cleaning technologies;

- use of a cavitation generator in the technological
process of cleaning the surfaces of a tubular heat ex-
changer. An analysis of the results of an experimental
study on the use of a cavitation generator in the cleaning
process of tubular heat exchanger surfaces revealed that
the cavitation generator is a promising device for in-
creasing the efficiency of heat exchanger surface clean-
ing. Under repeated alternating pressure pulses and ad-
ditional vibration, the stress-strain state of deposits on
the cleaned surface takes on a fatigue nature, and with
the development of a network of microcracks, deposit
destruction occurs. Cleaning tubular heat exchanger
surfaces using a cavitation generator leads to increased
cleaning speed and quality while reducing specific en-
ergy consumption by up to 30 %;

- the use of specialized technical solutions, such as
optimizing the flow and velocity of contaminated liquid
in the heat exchanger and creating a wall temperature
control system in certain pipe sections, can minimize
the occurrence and accumulation of contaminants;

- application of coatings with special films to the sur-
faces of the heat exchanger structure can also contribute
to a significant reduction in the degree of fouling of heat
exchangers under operating conditions;

- 3D printing can be a significant factor in optimiz-
ing and ensuring stable heat transfer in industrial appli-
cations. This technology enables the creation of com-
plex designs and the production of heat exchange sys-
tems with customized shapes and sizes, tailored to spe-
cific production needs that are difficult to achieve using
traditional methods. As a result, the extent of heat ex-
changer fouling can be significantly reduced, and the
performance of the heat transfer process itself can be
significantly improved.
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ITnacTuHYacCTi i1 KOXYXOTpyOUacTi TENMI00OMiHHU-
KM IIMPOKO BUKOPHUCTOBYIOThCS B XiMiuHiii, Xap4yoBiii

MPOMUCJIOBOCTI, @ TAKOXK B aTOMHIi i TEMJIOBili eHepre-
. Pi3WgHi i XiMiYHI TTpOIIeCH, TaKi SIK CeAUMEHTAa-
1Iis1, KpUCTadizauisi, XiMiuHi peaklii, Kopo3sis, 06ioHa-
pPOCTaHHSI, 1110 MalOTh MiClI€ B TETUIOOOMiHHMKAX, 3HU -
XKYIOTh IIBUIKICTb TeIIonepenayi. YTBOPEHHST TBep-
JINX BiIKJIaIeHb i 3acMideHHS iXHiX BHYTPILIHIX TpyOOK
€ HaA3BUYAHO KPUTUYHUM (PaKTOPOM IJIT TIPOMUC-
JIOBOTO BUPOOHUIITBA, III0 MOXE MPU3BOIUTHU IO Oe3-
npeLeaeHTHUX (DiHAHCOBUX 30UTKIB.

Meta. BuzHaueHHs1 HaiOibIL MEPCIIEKTUBHUX Ha-
MPSIMiB PO3POOKK METO/IiB OUUIIEHHS KOXYXOTPYOHUX
TEeMI000MIHHUKIB JJI1 aTOMHUX, TEIJIOBUX €JIeKTPO-
CTaHUiA Ta iHIIMX TPOMUCIOBUX 3aCTOCYBaHb Ha
OCHOBi BM3HAY€HHSI Cy4YaCHOIO CTaHY TE€XHOJOTTYHUX
MPOLIECiB i3 BUCOKOIMPOAYKTUBHOIO OYMILEHHS 3a-
OpyIHEHMX TEIJIOOOMiHHUKIB.

Mertoauka. 3acHOBaHa Ha BUBYEHHI TEOPETUYHMX
1 EKCMEepUMEHTAJIIbHUX JAHWUX, OTPUMAHUX MPU PO3-
poOLIi METO/IB OYMILIEHHS BHYTPIiLIHIX TOBEPXOHb Te-
IUIOOOMIHHMKIB, i PeACTaBJIEHUX Y JIKepeslax HayKo-
BO-TEXHIYHOI iH(popMallii.

PesyabTatu. IlpencraBieHi 3a 10MOMOrow MopiB-
HSIHHS CYTHOCTI TEXHOJIOTIYHUX MPOIIECIB Ta €(heKTUB-
HOCTi METOIiB OUMILIEHHSI BHYTPIIlIHiX TOBEPXOHb Te-
IUIOOOMiIHHUKIB, a TAKOX OLIIHOK BIUTUMBY JIESIKUX TTO-
KPUTTIB /151 301IbIIIEHHST TePMiHiB eKCIUTyaTallii BHY-
TPILLIHIX TPYOOIPOBOIiB.

HaykoBa noBm3Ha. [IpoBeneHuii aHali3 MeETONiB
OYMILIEHHS BHYTPIIIHIX MOBEPXOHb TEIIOOOMIHHUKIB,
a TaKOX BIUIMBY IOKPUTTIB JJIs1 30iJIbILIEHHSI CTPOKIB
eKCIUTyaTallii BHYTPIillIHiX TPyOOIIPOBO/IiB, TO3BOJIUB:

- BUSIBUTHU TIPOTPECUBHI TEXHOJIOTil OUMILIEHHS 3a-
OpyAHEHUX TeTI00OMIHHMKIB, 1110 BAKOPUCTOBYIOThCS
B €HEPIeTUlli il pi3HUX ranay3six IPOMUCIOBOCTI;

- YCTAaHOBUTU METOAU BU3HAUYEHHS €(EKTUBHOCTI
HOBMUX i TUX, 1110 BXK€ 3apEKOMEHIYBaIU CE0E TEXHOJIO-
rifi, HampuKJiIan:, YJAbTpa3ByKOBUX KOJMBAHb PiAWMHU,
110 OYUIIIAE;

- y3arajJbHUTWA OLIHKMU CTYIIEHS BIUIMBY Di3HUX
npoiieciB (XiMiuHUX 1 BiOpaliiiHMX) Ha SIKiCTb OYM-
ILIEHHST MTOBEPXHi TPYO TEII0O0OMiHHMKIB.

IIpakTuuna 3Haummictb. [lopiBHSIBHMIT aHami3
e(PeKTUBHOCTI MOTEHLIMHNX HAYKOBUX HATIPSIMiB IO
BIOCKOHAJIEHHIO METOJIB OUMILIEHHS TEIJIOOOMiHHU-
KiB J0O3BOJISIE BUOpATU HAMOUIBII TIEPCIEKTUBHI 3 HUX
IJIST pillIeHHSI TIPaKTUYHUX 3aBIaHb 31 BIOCKOHAJICHHS
TEXHOJIOTi! OYMILeHHSI KOHKPETHUX KOHCTPYKIIiN Te-
IUIOOOMiHHUKIB.

KmouoBi cioBa: xooxcyxompyouacmuii meniooomin-
HUK, O4UUEHHs NOBepXHi mpyoonposodie, weudKicmo
menaonepedaui, KagimayiiHi KOAUBAHHS
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