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The article provides a theoretical substantiation of the aerodynamic characteristics of an indirect
evaporative air heat exchanger operating according to the Maisotsenko thermodynamic cycle (M-cycle) and
intended for microclimate control systems in livestock buildings. The study is motivated by increasing summer
thermal loads, the limited performance of conventional direct adiabatic cooling, and the need to reduce
ventilation energy use without increasing the humidity of supply air.

A design concept featuring cross-flow interaction of dry and wet air streams is proposed, enabling deep
cooling to temperatures close to the ambient dew point. A comprehensive mathematical model for pressure-loss
prediction in the heat exchanger channels is developed. The model is based on an analytical decomposition of
the airflow path into characteristic sections and accounts for channel geometry, flow regime, and the equivalent
roughness of wetted surfaces.

Numerical analysis establishes the influence of channel cross-sectional area, number of channels, and
airflow velocity on total aerodynamic resistance and required fan power. The channel cross-sectional shape is
shown to be a decisive factor for energy performance: for equal cross-sectional areas, circular channels reduce
total pressure losses by up to 26% compared with square and triangular channels. The results can be used to
optimize the design of indirect evaporative heat exchangers and to improve the energy efficiency of ventilation
and air-conditioning systems in livestock buildings.

Keywords: indirect evaporative cooling; Maisotsenko cycle; heat exchanger; pressure losses;
aerodynamic resistance; channel shape; energy efficiency; microclimate.

Eq. 15. Fig. 12. Ref. 23.

1. Problem formulation

The current state of global and domestic livestock production is characterized by the intensification of
production processes, which imposes stringent requirements on the microclimate parameters in livestock
buildings. Under conditions of global climate change, accompanied by rising average annual temperatures and
an increasing duration of abnormal heat periods, the problem of effective cooling of supply air has become
strategically important. For pigs, as a biological species with limited thermoregulatory mechanisms, heat stress
leads to a critical reduction in average daily weight gain, deterioration of reproductive performance, and an
increase in morbidity, which collectively undermines the economic profitability of the industry [1].

Traditional approaches to mitigating animal overheating are based on the use of vapor-compression
refrigeration systems or direct evaporative cooling technologies. However, an analysis of the operational
experience of such systems reveals a number of fundamental limitations. Vapor-compression cooling units (split-
type air conditioners) are characterized by excessive energy consumption, high material intensity, and low
durability in the aggressive environment of pig housing facilities, where high concentrations of ammonia and
organic dust accelerate corrosion of heat exchange surfaces [2].

On the other hand, widely used direct evaporative cooling systems (spray nozzles, Cool-Pad systems),
although energy efficient, significantly increase the relative humidity of the supply air. Under high ambient
temperature conditions, this creates a “greenhouse effect” that inhibits moisture evaporation from the respiratory
tract of animals and intensifies heat stress. Thus, there is an urgent scientific and practical need to develop systems
capable of reducing air temperature without increasing its moisture content.
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One of the most promising solutions to this problem is the application of indirect evaporative cooling
based on the Maisotsenko thermodynamic cycle (M-cycle) [3]. A fundamental feature of this process is the ability
to cool air to temperatures close to the ambient dew point, providing a substantially higher cooling potential
compared to conventional adiabatic methods. The implementation of the M-cycle in indirect evaporative air heat
exchangers allows the separation of dry (supply) and wet (working) air channels, thereby eliminating direct
contact between moisture and the air supplied to the occupied zone [4].

Despite the high theoretical thermodynamic efficiency, the practical implementation of M-cycle heat
exchangers is constrained by the complexity of their aerodynamic structure. The intricate configuration of
channels with separating elements, the presence of perforations for flow redistribution, and the specific roughness
of hygroscopic wetted surfaces result in significant aerodynamic resistance.

Pressure losses in such devices directly affect the required power of ventilation equipment and,
consequently, the overall energy efficiency of the system [5]. At present, there is a noticeable scientific gap in
the field of precise theoretical substantiation of the aerodynamic characteristics of thin-layer channels in indirect
evaporative coolers, particularly with regard to the influence of cross-sectional geometry and the physical
properties of wetted surfaces.

Numerous researchers have addressed the improvement of microclimate systems and the investigation
of heat and mass transfer processes. The fundamental principles of thermodynamics and heat transfer were
established in the works of leading scientists [6-9]. In the context of the development of the Maisotsenko cycle,
worldwide recognition has been gained by the works of V. Maisotsenko himself, as well as by research conducted
by the Coolerado Corp and Munters scientific groups. In Ukraine, a significant contribution to the development
of energy-efficient ventilation systems for the agro-industrial complex has been made by researchers of Vinnytsia
National Agrarian University [10-13], particularly with respect to adapting these technologies to the specific
operating conditions of livestock buildings. However, the aerodynamic aspects of pressure losses in multichannel
indirect evaporative structures with cross-flow configuration remain insufficiently addressed in the scientific
literature.

The relevance of this study is determined by the necessity to overcome the “aerodynamic barrier” in the
design of high-performance cooling systems for the agro-industrial sector. The search for a compromise between
heat transfer intensity and pneumatic resistance is the key to creating next-generation microclimate control
systems that will not only ensure comfortable conditions for animal housing but also significantly reduce
operational costs. Therefore, the theoretical investigation of pressure losses in an indirect evaporative air heat
exchanger represents an important step in the advancement of modern agro-engineering science.

2. Analysis of recent research and publications

Ensuring regulatory microclimate parameters in livestock buildings, especially under conditions of
global climate change, is a critical factor in preserving the genetic potential and productivity of animals.
Modern technologies for transforming the parameters of supply air are generally classified into two key
categories: energy-intensive vapor-compression systems and resource-efficient adiabatic cooling systems.

Vapor-compression «split» systems, despite their ability to provide precise thermal control, have
significant limitations for industrial pig production. The main constraining factors include the high specific
cost of cooling capacity, substantial metal intensity, and low operational reliability in environments
characterized by elevated concentrations of ammonia, hydrogen sulfide, and organic dust. From the standpoint
of energy management, water-evaporative cooling systems based on the absorption of latent heat during the
phase change of water represent a more promising alternative.

Low-pressure spray systems (2—3 bar) constitute the simplest structural solution (Fig. 1).

However, analysis of their operation indicates low efficiency due to the large droplet size, which results
in incomplete evaporation of moisture within the airflow. This leads to excessive wetting of the floor, an
increase in relative air humidity beyond 80%, and a critical growth in the volume of the liquid fraction of
manure slurry, thereby requiring additional costs for its handling and disposal [14].

As a technological alternative, the German company LUBING offers high-pressure systems (up to 70
bar) equipped with precision nozzles (Fig. 2) that generate a fine-dispersed mist. Although such systems
minimize moisture deposition, they require highly sophisticated water treatment, including demineralization,
in order to prevent salt clogging of nozzles with diameters ranging from 0.15 to 0.5 mm [15].
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Fig. 1. Connection scheme of the Egebjerg cooling system: 1 — ball valve; 2 — filter; 3 — pressure
reducing valve; 4 — solenoid valve

-
Fig. 2. Cooling system manufactured by LUBING

For localized cooling and disinfection in specific technological zones, centrifugal air coolers (e.g.,
units from the AOLAN product lines) are widely employed. Such zones typically include areas with elevated
heat loads or increased sanitary requirements, where targeted treatment is preferable to full-scale conditioning
of the entire building volume. These devices are manufactured in both stationary and mobile configurations
(Fig. 3), which allows their application either as permanently installed equipment or as flexible, relocatable
units adapted to changing operational needs. The operating principle is based on the mechanical disintegration
(atomization) of a water jet by rapidly rotating discs, resulting in the formation of a fine droplet aerosol. Owing
to the large interfacial area of the generated droplets, heat and mass transfer intensifies, providing a localized
cooling effect and facilitating hygienic treatment of the surrounding air environment [16].

Fig. 3. Centrifugal air cooler:
a — stationary; b — mobile; 1 — drive mechanism; 2 — housing; 3 —fan; 4 — disk; 5 — tank; 6 — trolley
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At present, systems based on irrigated porous media (Cool-Pad systems) are considered the most

adapted to the operating conditions of pig production facilities, particularly modular BREEZAIR coolers
(Fig. 4) [17].

g

Fig. 4. BREEZAIR coolers:
(a) with a central fan; (b) with a central fan and inverter; (c) built-in unit; (d) with an axial fan;
(e) mobile unit

Despite their relatively high adiabatic efficiency (0.70-0.95), direct evaporative cooling units (Fig. 5)
exhibit a fundamental limitation associated with a pronounced increase in the relative humidity of the air. Under
ambient temperatures exceeding 30 °C, elevated humidity restricts the effectiveness of animal thermoregulation
mechanisms and intensifies heat stress, thereby reducing animal comfort and productivity [18].

Water pump
‘Water tank
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Hot Dry Air 3 "

L

a b
Fig. 5. Operating scheme (a) and general view (b) of direct evaporative air coolers

Cool Air

An innovative paradigm in agro-engineering is the transition to indirect evaporative cooling (IEC),
which enables air temperature reduction without increasing the moisture content of the supply air [19]. This is
achieved through the physical separation of dry (primary) and wet (secondary) air channels by a thermally

conductive partition. Modern IEC units are designed using parallel-flow, cross-flow, or counter-flow
configurations (Fig. 6).
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Fig. 6. Indirect evaporative cooling:
(a) parallel-flow configuration; (b) counter-flow configuration; (c) cross-flow configuration

Particular scientific and practical interest is attracted by the Maisotsenko thermodynamic cycle (M-
cycle), implemented in heat exchangers developed by Coolerado Corp (Fig. 7) [20,21]. The fundamental
concept of the M-cycle is based on the successive branching of the air stream through perforations in the plates,
which provides staged pre-cooling of the working air prior to evaporation. This approach theoretically enables
cooling to the ambient air dew point temperature, which is significantly lower than the wet-bulb temperature
that represents the limiting threshold for conventional adiabatic cooling systems.

Working
air (dry

channels)

Working air

Fig. 7. Operating scheme (a) and general view (b) of the cross-flow
Maisotsenko cycle implemented in an air cooler manufactured by Coolerado Corp

However, the widespread implementation of the M-cycle in ventilation systems for the agro-industrial
sector is constrained by aerodynamic factors. The complex configuration of channels with perforations,
together with the roughness of hygroscopic wetted surfaces, generates substantial flow resistance. The
principal challenge in designing such devices is to identify a compromise between the intensity of heat and
mass transfer and pneumatic losses. Considering that pressure losses are proportional to the square of the
airflow velocity, while effective cooling requires a certain contact time between the air stream and the wetted
wall, there arises a need for an in-depth theoretical investigation of the aerodynamics of indirect evaporative
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heat exchangers. Therefore, the development of mathematical models for pressure loss prediction constitutes
the foundation for creating next-generation energy-efficient microclimate control systems.

3. The purpose of the article

The aim of this study is to provide a theoretical substantiation and to establish the regularities
governing pressure loss variations of airflows in the channels of an indirect evaporative heat exchanger, with
the purpose of optimizing its structural parameters and reducing energy consumption for microclimate control
in livestock buildings.

To achieve this aim, the following objectives were defined:

1. To analyze the influence of channel geometric parameters (height, width, and length) and the
physical properties of the airflow on the overall aerodynamic resistance of the heat exchanger.

2. To develop a theoretical mathematical model for calculating pressure losses in the dry and wet
channels of an indirect evaporative heat exchanger, taking into account the specific features of the Maisotsenko
thermodynamic cycle.

3. To establish functional relationships between pneumatic friction coefficients and local loss
coefficients and the Reynolds number for laminar and transitional airflow regimes in thin-layer channels.

4. To perform a comparative analysis of the theoretically predicted pressure losses with existing
analogues in order to verify the adequacy of the proposed models and to assess the energy efficiency of the
device.

4. Results and discussion

Obiject of the Study and Design Features of the Heat Exchanger. The object of the theoretical study is
the process of pressure loss formation in an indirect evaporative air heat exchanger, the design of which is
based on the principles of implementing the Maisotsenko thermodynamic cycle with a cross-flow
configuration of air streams [11,22].

The main element of the investigated system is a heat and mass exchanger designed as a multilayer
package of parallel plates (Fig. 9), which form an alternating arrangement of dry and wet channels.

7 2 9 ‘ 10 1
Fig. 8. Structural and technological scheme of an indirect evaporative heat exchanger

According to the structural and technological scheme (Fig. 9), the heat exchanger consists of a
thermally insulated casing (1), inside which a plate package (3) is installed. The plates exhibit asymmetric
properties: the surface facing the dry channel (4) is hydrophobic (moisture-impermeable), while the surface
forming the wet channel (5) is hygroscopic in order to retain a stable water film. Channel separation and the
provision of cross-flow air movement are ensured by dividing elements (6). The irrigation system includes a
reservoir (9), a pump (10), and a drip distributor (11), which together provide continuous and uniform wetting
of the surfaces.

The operating principle and the organization of heat and mass transfer processes in the indirect
evaporative heat exchanger are as follows. Ambient air (Tin) enters the unit through the inlet opening (7) and

12



TexHika, eHepreTHka,
Nel(132) /2026 TpaHcnopt AIIK

/% Technology, energy,
~ ISSN: 2520-6168 Vol. 132, N2 1 /2026 agriculture transport AIC

is distributed between the dry and wet channels. The airflow in the dry channels (primary flow) moves along
moisture-impermeable surfaces without a change in its moisture content.

Simultaneously, an auxiliary airflow is supplied to the wet channels. The irrigation system, consisting
of the reservoir (9), pump (10), and drip distributor (11), ensures continuous water supply to the hygroscopic
surface of the plates.

In the wet channels, intensive evaporation of the water film occurs, accompanied by the absorption of
the latent heat of vaporization. This energy is extracted from the plate material, which, in turn, cools the airflow
in the adjacent dry channel through heat conduction across the plate wall.

The cooled air (Tout) exits through the outlet openings (8) and is directed to the occupied zone of the
building. In this process, the temperature of the supply air is significantly reduced without an increase in its
absolute humidity, which represents a key advantage over direct evaporative cooling systems.

The proposed configuration enables high energy efficiency due to the staged pre-cooling of the working
air; however, it necessitates a detailed investigation of aerodynamic resistance, since the presence of a water film
and dividing elements within the channels substantially affects the overall pressure losses of the system.

Computational Scheme of the Channel and Aerodynamic Parameters.

For the theoretical investigation of pressure losses, a computational model of a single heat exchanger
channel with length L, height h, and width b was adopted. Given the small geometric dimension of the channel
height (h « b), the flow is considered as a fully developed viscous gas flow.

The total pressure loss AP (Pa) in the system is determined as the sum of distributed friction losses
along the channel length and local losses at the inlet and outlet of the plate package [23]:

AP=APsx + APjqc. (1)

The fundamental equation used to determine distributed (linear) pressure losses during airflow through
the channels of the heat exchanger is the Darcy—Weisbach equation. For an airflow, it takes the following
form:

L opv
d

AI:)fr = ﬂ“ ! (2)
e
where A — pneumatic friction factor; L — channel length, m; d. — equivalent (hydraulic) diameter of the
channel, m; p — air density, kg/m3; v — mean air velocity in the channel, m/s
For a planar channel, the hydraulic (equivalent) diameter is calculated based on its geometric
dimensions [23]:

de:Z—hszh. 3)
h+b

Considering that, in indirect evaporative coolers, the airflow velocity is typically kept relatively low
in order to ensure sufficient contact time with the wetted surface, the flow regime is often laminar (Re < 2300).
In this case, the friction factor A is determined theoretically as a function of the Reynolds number:

K
A ™ 4)
where K — a constant dependent on the channel cross-sectional shape (for planar slit channels, K =~ 64-96) [23].
The Reynolds number for the heat exchanger channel is defined as:
Re= 2 (5)
v
where v — kinematic viscosity of air, m#/s.
A specific feature of the proposed model is the consideration of the presence of a water film in the wet
channels, which alters the equivalent surface roughness as well as the effective free cross-sectional area of the
channel. This, in turn, introduces corrections into the calculation of the airflow velocity v.

Local pressure losses APioc are calculated using the following equation:

2
AI:)Ioc = Z;%! (6)

where { — local loss coefficients (inlet to the plate package, flow turning/bend, outlet).

The theoretical investigation of the origin and distribution of pressure losses in an indirect evaporative
air heat exchanger made it possible to represent the device as a complex multicomponent system. According
to the proposed computational scheme (Fig. 10), the structure of the unit consists of an array of autonomous
working channels, as well as consecutively integrated dry and wet flow paths.

13
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Fig. 9. Computational scheme of an indirect evaporative heat exchanger

The process of airflow through the functional channels of the heat exchanger was decomposed into
three characteristic stages. At the initial stage, the total airflow supplied from a main air duct with a relatively
large cross-sectional area F, is divided into a system of narrow channels with a total cross-sectional area NiF.
The pressure losses Apy in this section are calculated using a refined expression:

2
N.F \p(wr)
AP, =n. | 1-—K K LIy 7
Prx 111[ Frj 2 ()

where m1 — a coefficient characterizing the degree of impact mitigation (1 = 0.5 was adopted) [23];
Nk — total number of channels; F, — cross-sectional area of the inlet manifold, m2; Fi — cross-sectional area of
a single channel, m2; w, — mean airflow velocity, m/s.

The second stage involves fully developed airflow along the working channels of length A.. It was
established that the pressure losses Apx in this section strongly depend on the viscous properties of the medium
and the condition of the internal surfaces:

2
Ap,=0,11N, TKAT P Wy i/ 17u.B | wih ®)
4F, 2 Fxw, xp  4F
where P —wetted perimeter of the channel, m; v — equivalent wall roughness parameter; p, — dynamic
viscosity of air (u, = 18.27 x 107¢ N-s/m?).
The final stage of flow through the working channel is associated with the discharge of the air stream
into the outlet air duct, which is accompanied by pressure losses Apw: due to sudden expansion and merging of

the individual jets:
NF ) p(w,)
Aka=nz(1- ”] —, ©

F 2

.

where 12 — the corresponding impact mitigation coefficient, equal to 0.5 [23].

A specific feature of the operation of indirect evaporative cooling systems is the requirement for the
airflow to pass through five successive resistance zones. A key factor in this process is the spatial annular
turning of the flow by 180° during the transition between the dry and wet channels. The pressure losses in this
zone, Ap'uiso, are determined using the following relationship:

— vp (WT‘)Z (10)
APy10=Ciso 5
where (riso — the local loss coefficient associated with flow turning, adopted according to source [23]
as Cklso =2.
By generalizing the obtained results for all flow sections, a comprehensive expression for determining
the integral pressure losses of the indirect evaporative air heat exchanger, Ap,, was derived:
Ap;=Apy AP TAP ;AP AP, tAP ey AP AP (11)
After performing the necessary mathematical transformations for a system with identical parameters
of the dry and wet channels, the final governing equation was obtained:
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To determine the optimal heat exchanger design, a comparative analysis of three basic channel cross-
sectional shapes - square, triangular, and circular - was conducted:

—square: P, :4\/|? : (13)
— triangular: P, = 2 3Fk\/§, (14)
—circular: P,=2y/nE,. (15)

The dependence described by Eqg. (11) and the required fan power required to drive the airflow through
the indirect evaporative heat exchanger, determined using Eq. (7), are presented in Figs. 11 and 12.

triangular square circular

Pressure loss AP, Pa
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Fig. 10. Dependence of total pressure losses Ap, on the number of channels Ny,
channel cross-sectional area Fi, and mean air velocity in the channels,
under the condition w,' = w,, for different channel shapes (square, triangular, and circular)
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Fig. 11. Dependence of the required power Nw: on the number of channels N,
channel cross-sectional area Fi, and mean air velocity in the channels,
under the condition w't = wr, for different channel shapes (square, triangular, and circular)

Based on the developed mathematical framework and the obtained analytical relationships, a
comprehensive analysis of the influence of geometric and kinematic parameters on the aerodynamic efficiency
of the indirect evaporative heat exchanger was performed. The results of numerical simulations presented in
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figs. 11 and 12 make it possible to determine the nature of variations in total pressure losses Aprt and the
required power Ny1 as functions of the channel cross-sectional area Fi, the number of channels Nk, and the
mean airflow velocity wr.

An analysis of the graphical dependencies of pressure losses Apr (Fig. 11) reveals a pronounced
nonlinear, nonlinear decreasing trend relationship with respect to the cross-sectional area of a single channel
Fi. As Fy increases, a significant reduction in aerodynamic resistance is observed for all investigated channel
shapes. This behavior is explained by a decrease in the specific friction between the airflow and the channel
walls as the effective flow area increases. In particular, at low airflow velocities (wr = 1-2 m/s), the curves
exhibit a relatively gentle slope, whereas at higher velocities up to 4 m/s (blue curve), the resistance increases
sharply. This indicates a transition toward turbulent flow regimes and an increased contribution of quadratic
pressure losses.

The number of channels Ni also has a substantial effect on the overall resistance of the system. As
shown in Fig. 11, increasing the number of channels from 100 (dashed line) to 200 (solid line) leads to higher
pressure losses. This is attributed to an increase in the total wetted perimeter of the heat exchange surface at a
constant airflow velocity, which intensifies viscous friction forces.

The plots of the required power N1 to overcome aerodynamic resistance (Fig. 12) demonstrate similar
trends but with a more pronounced amplitude of variation. The highest energy consumption is observed for
channels with small cross-sectional areas (Fk < 0.00015 m2) and high airflow velocities. It was established that
increasing the airflow velocity from 1 m/s to 4 m/s results in an increase in fan power consumption by more
than 8-10 times, which emphasizes the necessity of optimizing the velocity regime to ensure energy-efficient
operation of microclimate control systems.

A key outcome of the comparative analysis is the determination of the influence of channel cross-
sectional shape on energy performance. The highest aerodynamic resistance and, consequently, the greatest
power consumption are characteristic of triangular channels. Square channels occupy an intermediate position,
whereas circular channels exhibit the lowest pressure losses. Analysis of Figs. 11 and 12 indicates that, for
equal cross-sectional areas Fy and airflow velocities wr, circular channels provide a reduction in pressure losses
of up to 26% compared to other configurations. From a physical standpoint, this is explained by the fact that a
circle has the minimum wetted perimeter for a given cross-sectional area, which minimizes the contact area
between the airflow and the plate surfaces and reduces the total friction force.

Within the scope of this study, the functional relationships between friction coefficients, local loss
coefficients, and the Reynolds number were employed in analytical form in accordance with classical fluid-
dynamic correlations. This approach is justified for laminar and transitional airflow regimes in thin-layer
channels.

Thus, the modeling results indicate the feasibility of designing indirect evaporative heat exchangers
with circular or near-circular (polygonal) channels and a cross-sectional area exceeding 0.0002 m2 in order to
achieve an optimal balance between device compactness and energy consumption.

5. Conclusion

1. A comprehensive theoretical model for calculating pressure losses in an indirect evaporative air heat
exchanger operating according to the Maisotsenko thermodynamic cycle has been developed. The model is
based on the decomposition of the pneumatic flow path into characteristic zones and makes it possible to
account for both distributed and local aerodynamic resistances caused by channel geometry and the presence
of wetted surfaces.

2. Quantitative relationships describing the influence of geometric and kinematic parameters of the
heat exchanger channels on total pressure losses and the power required for air transportation have been
established. It is shown that an increase in the channel cross-sectional area leads to a nonlinear reduction in
aerodynamic resistance, whereas an increase in airflow velocity beyond 3-4 m/s is accompanied by a sharp
rise in energy consumption.

3. Based on a comparative analysis of different channel cross-sectional shapes, it has been
demonstrated that a circular cross-section is the most energy-efficient. For an equal cross-sectional area,
circular channels provide up to a 26% reduction in total pressure losses compared to square and triangular
channels, which is explained by the minimized wetted perimeter and reduced viscous friction forces.

4. The practical significance of the obtained results lies in the possibility of applying the developed model
to the engineering design and optimization of indirect evaporative heat exchangers in order to improve the energy
efficiency of ventilation and air conditioning systems in livestock buildings and to reduce operational costs.
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TEOPETUYHE JOCJIIKEHHS TA MOJAEJIOBAHHA AEPOANHAMIYHUX BTPAT Y
KAHAJIAX TEIINIOOBMIHHUKA ITIOBIYHO-BUITAPHOI'O THUITY

Cmamms npuceauena meopemuyHomy 0OTPYHMYBAHHIO AepOOUHAMIYHUX napamempie no8impsaHo20
MEeNnI00OMIHHUKA NOOIUHO-8UNAPHO20 MUNY, WO NPAYIOE 3a MepMOOUHamiuHum yurkiom Maiicoyenxa (M-
YUKIOM) ma NpusHaderutl OJid CcUucmem MIKpDOKIIMAMY MEAPUHHUYLKUX NpumMiujensb. AxmyanbHicmb
00CNI0JHCEHHST  3YMOBNIEHA  3DOCMAHHAM MENI08UX HABAHMANCEHb V JIMHIll  nepiod, 00MeHCeHo
eghexkmueHicmio MpaouyitHux cucmem npimoco adiabamuoco OXOA00NCEHHs MA HeOOXIOHICMIO 3HUNCEHHS
eHep2osUmpam Ha GeHMUIAYII0 6e3 NiOSUWEHHS 8OJI020CMI NPUNTUGHO20 NOGIMPSL.

3anponoHo8ano KOHCMPYKMUBHO-MEXHONOSIUHY CXeMy MenI000MIHHUKA 3 NepexpecHUM pyxom
CYX020 Ma 801102020 NOBIMPAHUX HOMOKIE, KA 3a0e3neuye 2auboKe 0X0N00HCeHHA NOGIMpPs 00 MeMnepamyp,
OIUZLKUX 00 MOYKU POCU 306HIUHBLO2O cepedosuyda. Po3pobrieHo KOMNIEKCHY MameMamuyHy Mooenb
PO3PAXYHKY 6Mpam MUCKY 8 KAHALAX MenI000MIHHUKA, Wo 0a3yeEmbCsa HA AHATIMUYHIL O0eKOMNOo3uyil
NHEeBMAMUYHO20 MPAKMY HA XAPAKMEPHi OLIAHKU mMa 8PAX08YE 6HIUE 2eOMempil KAHANB, PeHCUMY DYXY
nOBIMPsL U eK8I8ANIEHMHOI WOPCHKOCI 360JI0HCEHUX HOBEPXOHD.

Ha ocnogi uucenvrozo ananizy 6cmano81eH0 3aKOHOMIPHOCII 6NAUBY NAOWIT NONEPEUH020 nepepizy,
KITbKOCMI KAHANIG 1 WBUOKOCI NOGIMPAHO20 NOMOKY HA 3G2albHUL aepOOUHAMIYHUL onip i HeoOXiOHy
NOMYIHCHICMb 8eHMUIAYINHO20 001a0HaHHs. [[06edeHo, wjo opma nonepeurHozo nepepizy Kauaunie mae
BUPTATbHULL GNIUB HA eHepeoepekmusHicmb mennooominnuxa. Ilokazano, wo 6UKOpUCAHHA KAHANI8
KpY2i020 nepepizy 3a0e3neyye 3HUNCEHH CYMaPHUX empam mucky 00 26 % nopieHaHo 3 K8aOpamHumu ma
MPUKYIMHUMUY KAHATAMU 3 0OHAKO8UX niouy nepepisy. Ompumani pe3yiomamu Moxcymos OYmu UKOPUCMAHI
onst onmumizayii KOHCMPYKMUBHUX NAPAMEmpie NOOIYHO-GUNAPHUX MENJ00OMIHHUKIG Mda NiOGUUCHHS
eHepeoepexmusHocmi cucmem KOHOUYIIOBAHHSA | 6eHMUNAYTT MEBAPUHHUYBKUX NPUMILYEHb.

Knrouoei cnoea: nobiuno-eunapue oxonoodicenus, yuxi Maiicoyenka, meniooOMiHHUK, empamu
MUCKY, AepOOUHAMIYHUL ONIP, POPMA KAHALY, eHep20eheKMUBHICMb, MIKPOKIMAM.
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