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Abstract: The main task of a heat supply system isof the Russian Federation down t&r@ shows [5] that the
uninterrupted supply of heat energy with the specifiedgeothermal gradient values in the range from 1.5 to@.5 °
parameters to the consumer with minim losses. per 100 m prevail on the territory of Russia; however,
Theefficiency of heat supply systems largely depends oaccording to the data of deeper drilling [6], the geothermal
the heat exchange equipment used. Reducing the weigbtadient increased to B 3.5 C per 100 m practically
and dimensions, increasing the amount of heat transferredgverywhere, and no decrease was observed. Thus,
and reducing electricity consumption for pumping the heataccording to the preliminary estites, the subsoil
carrier are themain goals of increasing the efficiency of temperature is expected to reach 15070 °C in various
the heat exchange equipment. This article provides amonditions even at the depth ofi45 km, which is very
overview of the traditional and promising methods forimportant for the needs of heat supply and, in the case of
intensifying the heat exchange processes in the heatsing power generation cycles with ldwiling working
exchange equipment substancedpr the needs of power supply.
Petrothermal energy pickup and transportation to the
Keywords: intensification, heatenergy, uninterrupted surface consist in creating a soil circulation system (SCS)
supply in the rock mass of the Earth at the depth determined by
the heat load of the consumer. Two variants of soil
I. INTRODUCTION circulation system deployment are mainly used in the
Today, the problem of energy supply to isolatedworld today: the "open” method and the "closed” method.
consumers is solved through the use of power generatinfhe "open" method consists in drilling at least two wells,
plants that consume fossil fuel, which is systematicallyone downstream and one production (upstream), and
delivered to the facilities, as well as usingntraditional ~ placing a watepermeable area betweereth at the depth
and renewable energy sources (RES). The main types @fith the required temperature potential. This method is
RES used for energy supply to autonomous consumers awgdely used inEurope [7] andhe USA. With the "open"
biomass energy, wind energy, solar energy, energy ofmethod of subsoil heat extraction, an artificial reservoir is
small rivers, and steamydrothermal energy. Thanalysis  created in hard rock by means of hydraulic fracturing that
of the listedRES [1],[2] reveals a feature inherent in all connectstwo or more wells (downstream and upstream).
their typesd the significant unevenness of the grossThe pickup system may include only one reservoir, or it
potential of the energy sources, as well asgaificant may contain several reservoirs located at different depths.
energy dispersion in the environment of each of theThe "open" method of pickup has the following
sources. Works [3], [4] othe energy supply from RE® disadvantages: pollution and mineralization bg theat
remote and isolated consumers confirm the efficiency oftarrier due to the large area of contact with the subsoil,
using alternative energy sources, but the restrictiondieat carrier migration (up to 20% of the total volume of the
imposed by the features of RES do not allow theheat carrier); the technologies used for hydraulic fracturing
widespread use of a separate type of RES. are not environmentally friendly. The "closed" method is a
Petrothermal energy the deep thermal energy of dry singlewell system: a "pipén-pipe” heat exchanger
rocks in the Earth's deep interiér is devoid of these located in a well. This method of pickup is devoid of the
disadvantages of RES. This energy source is stable ovelisadvantages of the "open" system, while it features
time, does not depend on the climatic and territorial factorsufficiently high hydraulic resistance of the system due to
and is ecologically safe. its considerable length. However, deethe need of using
The main characteristic that describes the thermsd sta only one well for creating a "closed" system, it is possible
of the Earth's deep rock is the geothermal temperaturto use the unused oil and gas, scientific and parametric,
gradient, which shows an increase in the rock temperaturexploration, and other wells. In this case, creating a single
with the depth increasing. On average, for seismicallywell system is actually reduced to lowering the innipep
quiet regions, the values of this indicator vary in the rangecolumn for the transportation of hot heat carrier from the
between 1 and 7 °C pet0O0 m. In the regions with well bottom to the wellhead.
volcanic activity, higher values may be observed. The Another problem in creating singleell systems for
analysis of the subsoil thermal state maps on the territorgubsoil heat pickup is the small heat pickup surface, which
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is actually limited by the casing string. The cogffnt of  purpose may be used for intensifying the heat exchange
heat transfer from the hot inner surface of the casing maprocesses. However, it should be noted that special
be increased through the use of various methods foattention should be paid to the methods with the minimum

intensifying the heat exchange processes. impact on the hydraulicggformance of a singleell heat
As mentioned above, a singleell heat pickup system pickup system.
is a long tuben-tube heat exchanger. &tefore, various There are several criteria (see Fig. 1) that classify heat

methods used in modern heat exchangers of variousxchangers [8]13].

Classification of heat exchangers
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Fig. 1 Classificationof heat exchangers
Despite the wide variety of heat exchangers as to the Il METHODS

principle of operation, & design, the type of heat carrier ) ) ) o
and the purpose, the general basic thermal, hydrodynamic, There are various ways of improving the efficiency of

operational, constructive and technological requirements heat transér equipment (see Fig. 2), which are divided

may be formulated, which are to be considered in INt0 twWo main groups.

choosing the type of heat exchanger and in calculating The first group includes the methods where the heat
and designing the heat exchange equipment. The maincarrier is acted on by purifying it from dissolved

thermodynamic requirement is the achieving of the Substances and corrosive compounds. The second group
maximum heat transfer coefficient with the minimum includes the methods with the ¢t on the heat exchange

hydrodynamic resistance. surface. The most common approaches to increasing the
efficiency by modifying the heat exchange surfaces of
heat exchangers include developing fundamentally new
heat exchangers and improving the existing ones. The
methods that coist in developing fundamentally new
types of heat exchangers are not covered in this article
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Methods for intensifying heat transfer
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Fig. 2 Methods of intensifying the heat transfer

Currently, various methods of intensifying heat transfer turbulence, which causes vortexing that destroys the
by modifying the heat exchange surfaces have beenboundary heat layer and has a beneficial effect on the heat
suggested and studied, such as periodic annulartransfer. However, in addition to increasing the heat
protrusions, screw inserts used for swirling flow in the transfer coefficient, such a modification of the heat
pipes, andvarious types of finning. These methods have exchange surface ireases the hydrauliesistance. The
currently been well studied [14PR1]. Therefore, this greatest effect of intensification by twisting the pipes is
article will cover modern works on thveays of improving achieved at low Reynolds numbers [23].
the heat transfer surfaces. The greatest effect was achieved when two methods of

The methods of increasing the efficiency of the heat intensifying the heat transfer were used simultaneously
exchange equipment with the effect on the heat exchange[24]: a coikd tubeand placing a twisted metal tape in the
surface include twisting the heat exchange tube$ [22]. tube (see Fig. 3).

Changingthe shape of the pipe contribatéo the flow
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Fig. 3 Dependence of the efficiency coefficient for various combinations of heat transfer intensification methods on
the Reynolds number, where ST is the straight tube, TT is the twistetube, and TT1, TT2 are the twisted tapes

35



A.V. Ryzhenkost al. / IJETT, 68(11)33-48, 2020

It should be noted that the efficiency of twisted tape  In addition to the usual flat twisted tapes, tapes with U
with the shorter turn length is higher. This may be shaped and \haped notches, as well as perforated tapes
explained by the fact that with the long loop length, there (see Fig. 4) are also used. Modifying the twisted tape
is no sufficient flow turbulence and boungatayer increases its efficiency, while the greatest effect was
destruction. obtainedwhen using a tape with-ghapechotches [23].

Fig. 4 Types of twisted tapes for intensifying the heat transfer: & ordinary tape, b & perforated tape, cé V-
notch tape, and dd U-notch tape

Heat exchange is also intensified by "dimpling", which The dimples and bulges on the surface of the tube
is a special method of tape deformation when the surfaceintensify fluid flows mixing, which in turn results in the
of the tube is covered with dimples of various shapes that homogenization of the temperature field in the heat carrier
have an effect on its thermohydraulic parameters. The flow. Besides, the vortexing that occurs when flosv
appearance of the tubes subjected to "dimpling", as well moves along the dimples and bulges turbulizesflthe
as the geometric parameters bé tdimples are shown in  and contributes to the destruction of the boundary layer
Fig. 5 [25]. [26], [27], which also results in heat transfer

intensification (see Fig. 6 [28]).

Fig. 5ad dimpled and curved tubes; bd a tube with elliptical dimples; cd a hexagonal dimpled tube; @ a tube
with alternating dimples and bulges; ed a dimpled tube; fo adimpled stainless steel tube; § geometric
parameters of the holes; & a dimpled copper tube
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Fig. 6 The Nusselt number depetience on the Reynolds number for dimpled and undimpled tubes at various
thermal differentials

The methods of increasing the efficiency of the heat turbulent vortexing and pulsations in the transition layer,
exchange equipment acting on the fluid include the Toms and, accordingly, the laminar sublayer stabilization (see
effect [29) [31]. The essence of the effect is ducing Fig.7 [31]). However, the Toms effect has not become
polymers with high molecular weight into the fluid flow common in heat transfer intensification.
to decrease the hydraulic resistance due to decreasing the
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Fig. 7 A schematic representation of the effect of reducing flow turbulence with thiatroduction of the polymers
with high molecular weight

Adding nanoparticles to théeat carrier is one of  zinc oxide ZnO [3p and graphene multilayer nanotubes
modern and promising methods of intensifying heat [37], the heat transfer is intensified.
transfer. For example, for the plate heat exchangers, As a result of studying multilayer graphene nanotubes
studies related to the use of nanofluids have accounted forand aluminum oxide [37], a positive total effect from
56% of all the studies on heat transfer intensification over modifying the heat carrier was obtained, as shown in. Figs
the pastwentyyears [32]. 8 and 9 [37].A 21 5% increase in the heat transfer

Due to the changes in the thermophysical properties of coefficient was achieved, depending on the Reynolds
the modified heat carrier caused by adding nanoparticlesnumber, compared to the traditional composition of the
of various materials, such as copper oxide CuO [33], heat carrier. The reason for such an insignificant increase
aluminum oxide AI203 [34], titanium oxide TiO2 [35], in the heat transfer coefficient is mainly thectta of

decreasing flow turbulence, which is caused by increased
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viscosity of the heat carrier due to the increased effect of increasig thermal conductivity upon increasing
concentration of nanoparticles. In study [37], the negative the concentration of nanopatrticles in the heat carrier.
effect of increasing viscosity was greater than the positive
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Fig. 8 Comparison of the Nusselt number as a function of the Prandtl number and the Reynolds number ratio for
various concentrations of nanotubes and unmoélied heat carrier

Besides, comparative studies of the effect of various increase in the heat transfer coefficient, which was
materials on nanoparticles heat transfer were performed:53.05% compared to the conventional heat carrier, had
Ce02, AI203, TiO2, SiO2, Cu+Al203, ZnO, and been achieved when using the nanofluid with multilayer
multilayer nanotubes [36]. It was found that, in view of nanotubes in a concentration of 0.75%.
the best thermal condunity of nanotubes, the greatest
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Fig. 9 Comparisonof the Nusselt number as a function of the Prandtl number and the Reynolds number ratio for
varuous concentrations of aluminum oxide and unmodified heat carrier
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When copper oxide nanoparticles had been added to The nanopatrticles effect on the heat transfer process is
the heat carrier [33], the following ressiwere obtained: largely due to increasing the thermal conductivity lod t
for the nanoparticle concentrations of 0.5%, 1%, and 1.5%,heat carrier, which has a positive effect on the heat
an increase in the heat transfer coefficient of about 17.7%, transfer coefficient. However, adding foreign particles to
21.8%, and 24.7% was achieved, respectively, comparedthe heat carrier also has a negative effect due the
to ordinary water (see FidlO [33]). Moreover, adding  increased heat carrier viscosity, since the thickness of the
nanopartles increased the exergy efficiency of the heat boundary layer increaseshigh affects the heat transfer
exchanger by 12%, 22%, and 34% for the CuO efficiency.
concentrations of 0.5%, 1%, and 1.5%, respectively.
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Fig. 10 Change of the heat transfer coefficient as a function of the Peclet number for heat carriers with various
concentrations of CuO nanoparticles and for unmodified heat carrier

The method based on anex flow induced by a The average and total heat transfer coefficients are
magnetic field also belongs to the methods of heat transferdirectly dependent on the Reynolds number and the
intensification with the action on the flui@8]i [40]. To volume share of nanoparticles (ferrofluid) in the fluid.

study the effectiveness of the methaat various The average heat transfer coefficiéat both hot and cold
concentrations and velocities of the magnetic flux of the flows is directly dependent on the magnetic field intensity;
fluid and varying magnetic field intensity, experiments it increases in the presence of a magnetic field. The use of
were performed in a twtube heat exchanger. These a magnetic field from the side of the hot heat carrier
experiments showed that when exposed to a magneticallows achieving the most significant increase in
field, a vortex flow arose in the magnetic working fluid, efficiency. A significant increase in the total heat transfer
which destroyed the thermal boundary layer and coefficient was achieved though the effect of the magnetic
intensified flow mixing, which improved the heat transfer. field on the heat carrier with ferrofluids, especially at low
Reynolds numbers (see Fitfl).
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Fig. 11 The total heat transfer coefficiehn t o t he Reynol ds number ratio with
various magnetic induction values

Increasing the nanoparticles concentration in the heat The heat transfer is also improved through the action of
carrier from 0 to 3% increases the heat flux from 55.3 W ultrasonic vibrations on the heat transfer surface. Using
to 65.1 W with Reynolds number Re480, which may be the OpenPAM software, mathematical studies were
increased to 230 W due to the effect of a magnetic field performed in the study41] in order to identify the
with magnetic induction B = 1,600 G [38]. Therefore, the reasons for the heat transfer increase in the presence of
use of an external magnetic field on the ferrofluid may be ultrasonic waves. Ultrasonic vibrations acted on the outer
much more significant than the improvement of the wall of the heat exchanger (see Fig. ).
thermophysicalproperties. It is worth noting that the
vortex flow is created without additional obstacles in the . RESULTS
flow passage, which, compared to the other methods, for In paper42], a test bench was created that consisted of
example, inserting twisted tapes, results in a lower flow two concentric tubes and an ultrasonic Langevin
hydraulic resistance, and hence, in a pressirop. Thus, transducer attached to the inner tube for creating k2627
this method is effective at low Reynolds numbers, high ultrasonic vibrations
magnetic field intensity, and high ferrofluid concentration.

B - Hot water 1 Ultrasonic
B - Cpld \yater . — transmitter
77} - Vibrating surface ! \ 35 kHz

Vibrating tube .

Fig. 12 The layout of a heat exchanger with an ultrsonic transmitter
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The results of the experiment showed that the heatto the action of acoustizvaves and, consequently, the
transfer coefficient increased with increasing the acoustic temperature profile alignment and more intensive mixing
power with constant volumetric flow rates of cold and hot of the heat carrier layergd3]. For instance, with constant
fluids due to the fact that the temperature of the cold fluid volumetric flow ratesof cold and hot fluid equal to 0.5
at the outlet increased, while the temperature of the hot I/min and the acoustic power# 120 W, the heatdnsfer
fluid at the outlet decreased. In this case, the main reasoncoefficient increased by 60%, which is shown in Fig. 13
for heat transfer intensification is the destruction of the [42].
hydrodynamic and thermal boundary layer of the fluid due
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Fig. 13 The ratios of heat transfer coefficients under the influence of ultrasound and without ultrasound, with
various cold heat carrier flow rates and various ultrasound intensitie

Besides, it was found that the heat transfer coefficient surface is made of, influence the properties of the heat
increased with decreasing the fluid flow at a constant exchange surface.
acoustic power level, since the ultrasonic waves Directly on the metal surface, there is a layer of metal
propagated better in fluid at low flow rates. Therefore, the oxides. This layer is firmly bonded to the ralefayer and
use of ultrasonic vibrationsof intensifying the heat  covers all the outer faces of the crystals. The oxide layer
transfer is more effective at low volumetric flow rates of has the thickness from single molecules to several tens of

cold and hot fluid. angstroms. On the oxide films, adsorption layers of gases
It is known that a metal surface is a complex structure are located. On the surface of the gas layers, there are
of interaction between various layers (see Fig. [44]. water aderption layers, which are formed as a result of

During operation, layers are formed thre metal surface, the absorption from the atmosphere of water vapors with
which, together with the type of metal the heat exchange layers of polar and nonpolar molecules of organic
substances on the surfddé).
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Fig. 14 The scheme of a real metal surface structure (L volumetric (correct) crystalline structure; 28 metal
surface structure; 38 metal oxides; 40 adsorbed gases;  adsorbed water; 66 polar molecules of organic
substances)

However, in real conditions, the scheme of the layers heat flux from the hot heat carrier to the cold one,
adsorbed by the metal surface isgh more complicated, = compared to an identical heat exchanger with untreated
as shown in Fig. 14. The metal surface has a complexfunctional sufaces. Fig. 15 shows the dependence of the
structure consisting of bulges and depressjdfi} on the heat flow through the wall of a heat exchanger on the
surface of which adsorbed layers are located. Thus, thereduced flow rate of the hot heat carrier.
process of heat exchange is impeded by both gases that Any change in the design of the heat exchange surface,
accumulatein the depressions on the metal surface and as a rule, increases the heat exchanger hydraulic
layers of substances adsorbed by the metal sudage resistance,which is an important parameter in the

In paper[44], experimental studies were performed for operation of such devices. Therefore, a comparison was
determining the effect of functional surface made between the increase in heat transfer and the
hydrophilization on the thermal and hydraulic increase in the thermdlydraulic resistance for assessing
charactristics of the heat exchanger, depending on the the effectiveness of this method of heat transfer
flow rate and the heat carrier temperature. The pipe intensification (see Fig. 16). The analysis of the
surfaces of the heat exchange equipnveerte treated by dependence shown in Fig. 16 revealed that, despite the
introducing melted surfactants into the heat carrier with an experimental data scatter, the heat transfer increased faster
ejector. The results of experimenttudies showed that than hydraulic resistance (region A in Fig. 16), therefore,
hydrophilization of the functional surfaces of a stalt hydrophilization of the funa@nal surfaces of the heat
tube heat exchanger made of carbon steel inalethse exchanger was an effective way to intensify heat transfer

mbefore treatmemnt

#after treatment

0,25 0,35 045 0,55
15060 21088

w.m'sac 0,75
27108 33132 Re 51369

Fig. 15 The dependence of the heat flow through the wall of a heat exchanger on the reduced flow rate of the hot
heat carrier. The hot heat carrier temperature at the heat exchanger inlet is 70 °C
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Fig. 16 The dependence of the heat flux increase on the hydraulic resistance increase after heat exchanger
modification

In paper[47], the potential of laser textured surfaces solidification, an inhomogeneous surface structure with
for intensifying heat transfer during bioi was studied. multidimensional microcracks is formed, due to which 20
The surfaces of the samples, which were thin substrates ofi 40 times higher density of vaporization areas is
stainless steel, were modified using various models of achieved, ompared to the untreated surface. Fig. 17
laser texturing and pulse intensities. Depending on the shows the dependence of the heat transfefficient on
processing parameters, the samples were hydrophilic,the specific heat flux for the untreated surfgtd and the
superhydrophilic or had uneven wettability. The modified surface [48].
comparison of the textured surfaces with boiling surfaces By monitoring the texturing parameters, the location of
proved the stability of laséextured surfaces. The heat microcracks andtherefore, the areas in which most
transfer during vaporization on textured surfaces was bubbles form and grow, may be controlled. This suggests
assessed through the use of kégieed IR thermogragh that laser texturing allows some control over the complex
The results obtained allow making the following boiling process. The suggested surface modification
important conclusions: a lastxtured surface intensifies  technology does not require additional coatings and/or
the vaporization process at a lower overheat value andpostprocessing. The results showed that treatment with
makes it possible to increase the heat transfer coefficientnanosecond laser allowed surface modification for
by 10%, compared to the initisurface; with certain improving the boiling heat transfer efficiency
texturing parameters, as a result of material melting and
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Fig. 17 The heat transfer coefficient to the heat flux ratio.
The results are shown for texturedsurfaces F1i F4, untreated surfaces are designated as SS. The points connected
by lines (S1i S4 and Polished) represent the results reported by Kruse et al. [48] and are shown for comparison

A combination of hydrophilic and hydrophobic heat properties from hydrophobic to hydrophilic and back
transfer stfaces was considered [49]. A feature of this upon reaching a certain temperature. A total of four
study was the use of polydimethylsiloxane silicate as the coatings were studie the fluorinebased coating with
coating on which superhydrophilic and hydrophobic hydrophobic properties, a polymer with the temperature of
coatings were formed. After pulsed laser treatment, the properties change from hydrophobic to hydrophilic equal
critical heat flux through the superhydrdlh coating to 108° C, a sample consisting of 50% polymer and 50%
increased 3.5 times. Such coatings are most effective if fluorine-based hydrophobic coating, and a sample
the heat carrier boils during the heat exchange process.conssting of 80% polymer and 20% fluorifiased
The increased wettability of the superhydrophilic surface hydrophobic coating.
decreases the bubble contact area with the-dwaditange As a result, the coating consisting of polymer showed
surface, incrasing the number of vaporization centers. At an increase in the heat transfer intensity during boiling,
the same time, a hydrophobic surface decreased theand the heat transfer coefficient for a coating consisting of
bubbles diameter, increasing the frequency of their 100% polymer sbwed an increase in the heat transfer
occurrence. The highest value of the heat transfer coefficient of up to 1.3 times, compared to the sample
coefficient, 51.2 kW/m2, was achieved with the area of without coatings. The change in the heat transfer
hydrophobi ¢ areas of 250x250 «oefficient depending on the heat flux for an uncoated

In turn, in study [50], hydrophobic and hydrophilic ~ specimen and a specimen with a polymer coating is
surfaces were the same polymer, which changed its shown inFig. 18[50].
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Fig. 18 The change in the heat transfer coefficient depending
on the heat flux for an uncoated sample (sample No. 1) and a polymeoated sample (sample No. 2)
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The method of intensifying the heat transfer studied IV. DISCUSSION

[51]i[53] is based on creating a biphilic surface with both  Thys, various surfaces perform different functions in
hydrophobic and hydrophilic properties. The surface the process of heat exchange; drop condensation occurs
studiedin [51] was a combination of copper substrate hydrophobic surfacesintensifying heat transfer;
strips with hydrophilic properties and a hydrophobic hygrophilic surfaces act as transport for the fluid,
coating during heat transfer. Upon condensationhef t collecting drops from the hydrophobic surface and
heat carrier on the coatings, various condensation preventing a layer of condensate from forming on it,
conditions (film and drop) were observed, respectively which in turn will represent additional thermal resistance.
A schematt representation of such a surface is shown in
Fig. 19

Fig. 19 Schematic representation of a combined hydrophobic and hydrophilic surface, where FWC is the film
condensation area, DWC is the drop condensation area, M¢and Wi are the widths of thehydrophobic and
hydrophilic sur f agisthethickness pf éhe hydropteobiglayerand U

With that, depending on the width of the hydrophobic with the geometric parameters that ensure stable
layer, both intensification and reduction of the heat heterogeneous conditions, and decreasing ceirégergy

transfer coefficient may be achieved; withe toptimal at the solid to gas interface to the level that is lower than
width of the hydrophobic surface, the increase in the heatthe level at the solid to fluid interface.
transfer coefficient may be up 120% [51]. In analyzing the process of hydrophobic surfaces

In [54], the main conditions for obtaining hydrophobic formation using laser equipment, it has been found that
materials and coatings, as well as the features of theafter processing, various metal aarés withthe time of
superhydrophobic state of hagdrfaces, are considered. It exposure had acquired hydrophobicity instead of initial
is noted that for achieving high contact angles on surfaces,hydrophilicity. In that case, for brass surfaces, the
roughness is required in addition to reducing the surface transformation was presumably based on the sorption of
energy. To obtain a superhydrophobic coating, a method carbon compounds with nonpolar@C-H bonds from
based on the use of laser technology is chosen, vidich the air. As a resul of experimental studieq54],
the most promising due to the high speed of texturization hydrophobic brass surfaces with contact angles ofi145
of the surfaces of solid bodies and the possibility of 146° were obtained. It has been found that the maximum
creating a formed relief with sufficiently accurate required contact angles were achieved after exposure to an

geometric parameters. emulsion of surfactants immediately after laser treatment.
It has been found that in order to obtain a Besdes, when applying a hydrophobic agent to a
superhydropobic surface shown in Fig0 [55], it is modified surface, the minimum layer thickness that

necessary to simultaneously meet the following conditions: ensures uniform and complete surface coverage should be
texturization of the micro/nanoscale relief on the surface achieved
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Fig. 20 Electron microscopic images of the surface (a) and the polished cragstion (b)of a modified brass
specimen at the same scale

V. CONCLUSION

Various modern methods of increasing the efficiency of
heat exchangers have been considered. The most
promising way to intensify the heat exchange processes inlsl
a singlewell system for subsoil dpethermal energy
pickup and transportation is changing the wettability [g
(hydrophilization and hydrophobization) of the functional
surfaces. This method results in a slight increase in the
hydraulic resistance with sufficient intensification of the [7]
heat exchnge processes. This method may be
implemented based on using both surfactants and laser
surface modification -
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