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Evaporative coolers of gases and liquids with a lowered level of cooling

This study is dedicated to the creation of the schematic solutions of the evaporative cooling
and air conditioning systems, development of the heat and mass transfer equipment for such
systems, experimental investigation and analysis of principle possibilities of such systems on
the basis of carried out theoretical and experimental research. The theoretical modeling of
the coupled heat and mass transfer process in indirect evaporative coolers of water and air is
carried out. It is shown that the dew point temperature of the air flow entering the evapora-
tive cooler can be served as a limitation of cooling. The difficulties connected with obtaining
the cooling limitation for low-temperature cooling connected with the possible condensation
of water vapor in the air flows, when the air flow contacting with water becomes fully satu-
rated before going out from the heat and mass transfer device, are studied.
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Nomenclature
G flow rate (kg m™) p  pressure (Pa)
H thickness of the hci?ld layer (m) ¢  specific heat flow (W m™)
h specific enthalpy (kJ kg™) ~x  humidity content (g kg™)
k ?&%t(m.oc)tr )ns o coefficien , temperature (°C)
[ flow rate ratio ¢ relative humidity (%)

Introduction. The interest to the possibilities of the evaporative cooling has
been increased recently. It is caused by their small energy consumption and by their
environmental loyalty (Chen et al., 2015; Doroshenko and Glauberman, 2012). Both
direct evaporative coolers (DEC - air coolers and water coolers, cooling towers
(CTW)) and indirect evaporative coolers (IEC) find a wide practical application. The
capabilities of such coolers according to the achievable level of cooling are limited by
wet bulb temperature of the outside air #,,. This temperature is a natural limitation of
cooling. The efficiency of such systems depends essentially on local climatic condi-
tions. The evaporative coolers with decreased level of cooling have been intensively
studied recently (Maisotsenko and Gillan, 2003; Pandelidis et al., 2015; USA Patent
2009/0007583; USA Patent 2004/0061245; USA Patent 6,494,107). The purposes of
the present study are the extension of the practical area of application of evaporative
water and air coolers; design of the corresponding new solutions, and particulariza-
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Fig. 1. Transition from combined scheme of IEC-Rg (A)
to separated schemes of air cooler Chg (B and C):
1 — evaporative air cooler; 2 — water-air heat exchanger

tion of the conditions for realization of the low-temperature cooling, primarily, the
determination of optimal ratios of contacting flows.

In IEC of air (Fig. 1), which have become the most widely used recently, the air
flow (F) entering for cooling, is divided into two parts. The auxiliary air flow (A) en-
ters the "wet" part of the cooler, where it contacts with water film, flowing down on
the surface of the channel (water recirculates through the packing of the device). The
evaporative cooling of water is realized here. The chilled water provides a contactless
cooling of the main air flow (M) through the wall, which separates the channels. The
main air flow is cooled at constant humidity content: this provides the advantages
during construction of the air conditioning systems based on the IECa. Auxiliary air
flow rejects the heat from the device, its temperature also decreases, and humidity
content 1s increased. Temperature of water in the cycle is constant and it is a little
higher than the wet bulb temperature of the outside air entering the IECa. This tem-
perature depends on the ratio of the air flows in IECa, and it 1s considered as a limita-
tion of cooling for both air flows.

Indirect evaporative coolers of gases can be of ordinary or regenerative types
(Chen et al., 2015; Pandelidis et al., 2015; USA Patent 2009/0007583). In a regenera-
tive cooler (Fig. 1A) the separation of the air flows takes place at the exit of the "dry"
zone of the device (in the inner heat exchanger). This system is marked as IEC-Rg
(air chiller Chg). Here the auxiliary air flow enters the evaporative part of the cooler;
it is already chilled at constant humidity content. Its cooling potential is substantially
increased and the limitation of cooling is decreased theoretically to the dew point
temperature of the ambient air 4, . The concern to the capabilities of the solutions of
Chg diagram in literature is large (Chen et al., 2015; Pandelidis et al., 2015; USA Pa-
tent 2009/0007583), but the results of the studies do not take into account the conco-
mitant circumstances, which are to be discussed in the present study. In a polytropic
process of the evaporative cooling of water in a water chiller (CTW) the limitation of
evaporative cooling is determined by the wet bulb temperature of air entering the de-
vice. Fig. 1B represents the system where cooled and humid air is delivered to the
room (Chg*); Fig. 1C represents the system where cooled air 1s delivered to the room
(Chg), but its humidity content is not changed.
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Fig. 2. Schematic diagrams of indirect evaporative coolers of water: combined (A) and se-
parated (B) schemes: 1 - cooling tower, 2 - loading heat exchanger (the object which is
cooled by a chiller), 3 - water-air heat exchanger

Fig. 2 presents the schematic diagrams of the indirect type water chillers (Chw)
which are realized in combined (Fig. 2A) and separated modes (Fig. 2B). The water
cooler IECw is similar to the air cooler IECg, but the main difference is that the main
product flow in IECw is the chilled water. This design can be considered as a two-
component cooling tower, in which the product water is chilled contactless. The
process in "wet" channels is fully similar to IECg. In a chiller-water cooler Chw the
limitation of cooling theoretically is also decreased to the dew point temperature of
ambient air 7, .

Based on the previously carried out studies (Chen et al., 2015; Chen et al., 2018;
Doroshenko and Glauberman, 2012), it was determined, that the regularized symme-
trical packing with vertical or inclined channels is the optimal choice for the design
of the film evaporative heat and mass transfer devices (channels can be closed-loop
or partially closed loop). The main problems for such design are: the packing layer
should be unified, i.e. can be used for both counter flow and cross-current flow of air
and water contact - this i1s particularly important for the indirect evaporative coolers;
the packing should have a large specific surface with small resistance to air flow; the
density of the layer is selected considering a stability of the system, as well as possi-
ble sedimentation on the working surfaces; the packing should have corrosion resis-
tance to working fluids, it should be of a simple construction and manufacturable; the
packing layer should assist the uniform input of liquid and its favorable distribution
between neighboring channels (the problem of wettability of the multichannel pack-
ing surface) - the appropriate material for packing manufacturing should be selected.
In recent decade, mainly the polymeric materials have been used for manufacturing
the film type heat and mass transfer equipment: high density polyethylene, high-
impact polystyrene, polyvinylchloride, polypropylene (Gomez et al., 2005; Martinez
et al., 2011; Koltun et al., 2003).

Weak wettability of the polymeric materials can be compensated by manufactur-
ing of the complex form of the surface by creation of microtoughness on the surface
of the packing elements, and by application of various distributors of gases and lig-
uids. One of the prospective materials for application for these purposes is a polycar-
bonate (PC). The honeycomb panels made from PC are characterized by high me-
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Fig. 3. Modeling of the coupled heat and mass transfer in IEC of air:
A - design scheme; B - [IECg; C - [IECg/R

chanical characteristics, such as solidity, persistence to impact influence at conti-
nuous exposition on open air.

II. Modeling of the process of the coupled heat and mass transfer in eva-
porative air cooler of indirect type. The element of the packing with dimensions of
0<x<H, -a<y<b,0<z<L (Fig. 3A) is considered for description of the heat and
mass transfer in [ECg for the condition of material homogeneity of flows. The main
flow of air is cooled through the separating wall on account of evaporative cooling of
water flowing down if a form of film. The auxiliary air flow contacts directly with
liquid (schemes of gases and liquids contacts in "wet" channels are considered as pa-
rallel flow as well as counter flow).

The equation of coupled heat and mass transfer in IECg and corresponding
matching conditions in a form of equations of boundary layer:

- for liquids (0 <x < H, 0 <y <h (h — the thickness of the liquid layer), 0 <z <1),
temperature ¢, = ty (X, ¥, z) is determined from equation:
ot, o’t,
w.(») ox M (1),

condition at entrance at x = 0, is: t,, (0, , z) = £.;
— for auxiliary air flow «A» (0 <x<H, h <y <), 0=<z<]), temperature 5 = t5 (X, ),
z) and partial pressure of vapor p, = p.(x, y, z) is determined by the equations:

ot 0 ot
/4 4 __~ + N4 2
A(y) ax ay|:(aa aa)ay:|9 ( )

0 0 0
W,y Le=RT,—| (D, +D))L2 |, (3)
ox oy oy

ot, 0. op, 0.

0y dy

— for main air flow "M" (0<x<H,-a<y<0,0<z<L)temperature ty = ty (X, J, z)
is determined from equation:

atx=0:t,=t,, py= p.;aty = b:
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ot 0 ot
W,(y) L =—"|(a, +a )2 4
M(y) ax ay|:(01 a)(,ay:|: ()
0 atM
atz=0:ty,=1t,;aty=-a: ——=0 (5)
Oy

— the matching conditions: on the wall at y =0, ¢, =k, (¢, -¢,), where g, — heat flow, k
— heat transfer coefficient through the wall with thickness of 5, and thermal conduc-
tivity A, :

1
k= 1 93, 17
o, A, O,

w

Aty =hpu=p”, q=q.+ qp(on the interface). The following set of equations
can be obtained by averaging the above equations:

ot
P t=a,(t,—-t,)+b(p-p")+c(, 1)
X
ot 0
_A:az(tw_tA): _p:bz(p"_p) (6)
ox ox
ot
a];[ :C2(tw_tM)

The boundary conditions: at x =0 ¢, =t , t,=t, ,p =py atz=0t, =t,,.
Coefficients ay, by, ¢y, az, by, co can be determined from the relations:

v k k
a, = = b1: DBP , C1 = , az2= = s b2:1'61pbez =

.8 ¢,8, ¢, .2, g, C.8u
Linear theory of the evaporative coolers is considered; coefficients ay, by, ¢y, ay,
b, ¢, are constants; for the partial pressure of the saturated vapor p” the nonlinear re-
lation was used:

p" () =690.5 exp (00608 ¢ ). (7)
Equation (6) can be presented as following:

=a,0,+b(p—-p")+ct,, c,=a +c¢
ax

(8)

t
8—p+l9219=192p", —8M+cth=czt
X Oz

tA:a2tw’ w

Here we consider the numerical solution of the problem; the expli-
cit difference scheme (method of Euler) was used as an algorithm:

t = (1-c,Ax)t, +[atA]+b(p p"’)+cltM§}Ax

w)

’“ (1 an)t +a,t'

2W]

9
p}“ (1- be)p +b, Ax p" ®)

Ly = (1=, Az)t," +c, Azt
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where i, j determine the corresponding anchor point on axes x and z, and Ax and Az —
are the steps of difference grid. According to the boundary conditions for the boun-
dary anchor points the following relations can be obtained:

L=t =1, Pl =pe,i=12,n ty =1ty ,i=1,2,,m (10)

The representative profile changes of the main parameters of main "M" (tempera-
ture of the chilled flow at constant humidity content) and auxiliary "A" (temperature
and humidity content) air flows in [ECg and IEC-Rg by length and by height of the

considered module are presented in Fig. 3.

III. Experimental study of the processes of evaporative cooling in low-
temperature evaporative coolers. The test rig provides the possibility of study the
working processes: in direct evaporative water chiller (CTW) and low temperature
cooler-chiller Chw, as well as air cooler IECg. The air is taken from the environment
by fan, then it undergoes thermal and humidity handling, and is transferred to the
working chamber, where the evaporative cooler is located. Dimensions of the cham-
ber were: 460x400x180mm, full air flow capacity was 3500 m’ hour™. The flowmeter
was placed on the air line; flow rate regulators were located on the bypass line. The
pump with adjustable capacity provides the circulation of water. The water flow rate
was determined by set of flowmeters. The packing of the heat and mass transfer de-
vice was made as a film type counter flow apparatus; the main element of the packing
was two-layer multichannel PC plate with channels of complex configuration. A thin
film of liquid 1s flowing down through the channels of the packing elements interact-
ing with air flow. The shape of the channels is formed by multiple decussation of
thin-walled polymeric plates placed under various angles; this provides accumulation
of liquid and its retention in packing (fluid retention). A high reliability and stiffness
of the whole construction of the packing is realized as well. Such configuration of the
channel improves uniform distribution of liquid along the whole surface of the pack-
ing, and it provides approximation of the wetted surface to the construction surface of
the device packing. Water collector consists of five pockets. This provides the diffe-
rential measurement of the liquid flow rate along the whole cross section of packing
module. The test rig provides the possibility to study the designed evaporative coolers
with packing made from polymeric materials with multichannel regular structure.
Preliminary calculations (Doroshenko and Glauberman, 2012; Foster and Dijkastra,
1996; McNab and McGregor, 2003; Stoitchkov and Dimirov, 1998; Zhao et al., 2008;
Gomez et al., 2005) showed that the polymeric materials can be used in the construc-
tion of evaporative coolers without substantial decrease in efficiency of the device,
because the thermal resistance of the walls of the channel is comparable to the ther-
mal resistance of the liquid film located on the outer surfaces. This is confirmed by
the data of the Australian study (McNab and McGregor, 2003). During the experi-
ments, the value of the equivalent diameter of working channels was 22mm; the
working velocities of the air motion in the channels of the packing were changed in
the range of w, = 1.0 — 4.0 m's™; water concentration (water spray rate) of packing
was 5 - 18 m>-(m*h)"'; humidity content was changed in the range from 8 to 18 g-kg’
'. Measurement error of the main values, caused by the accuracy of measurements,
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was calculated during data processing for each experiment; for the heat balance the
error was 12%; experimental material was characterized by the reliable reproducibili-
ty. The program of the research covered to study hydro-aerodynamics and heat and
mass transfer for various regimen of the evaporative cooling of air and water. A wa-
ter-air heat exchanger was included to the test rig to study the chiller-water coolers
Chw; part of the chilled water from the evaporative water cooler was delivered to a
water-air heat exchanger for preliminary cooling of air flow.

IV. Analysis of obtained results. In this section the analysis of operation of
evaporative air cooler IECg is performed for various ratios of main and auxiliary air
flows of I* = Gy/Ga: 1 — 1.5; 2 — 1.0; 3 — 0.5; the influence of the temperature and
humidity content of air at the entrance of [ECg was studied as well. For IECg, the wet
bulb temperature t. of total air flow can be considered as the natural limitation for
evaporative cooling of main and auxiliary air flow, increased by a certain value de-
pending on the ratio of the air flows [* = Gy / Ga; £ = =t + At*. This is connected
with the process of heat transfer from the main flow to the auxiliary flow through the
dividing wall and flowing down liquid film on surface of the "wet" channel, as well
as with corresponding increase in temperature of the liquid recirculating through the
"wet" part of the device (¢, ); this temperature remains constant.

Thermal efficiency of IECg according to main and auxiliary air flows can be de-
termined from:

Ev=(tm' — Ot = 1) Ex=(ta' — ta)/(t4' = 1), (11)

u =f (¥ = Gyl Ga, tp, 1°); Ex=f(I* = G/ G, tp, ). (12)
The followmg Values of the thermal efficiency of the process for the real values
of the cooling limitation * were obtained: I* = G/ Ga=15 Ey=045,1*=Gy/
Ga=1.0, Eyy=0.65;I* = Gy / Go = 0.5, Eyy = 0.89. The increasing in the portion of
the auxiliary flow consistently increases the cooling level of the main flow; at the
same time the specific energy consumption for the unit of "product" is increased. A
comparison between operation of IEC of air and IEC-Rg was made. The analysis was
carried out for the following condition: /* = Gy / G5 = 1.0 or both schemes of IEC.
The decreasing in temperature of the main air flow from #y = 26.5°C for IEC (z, =
25.5°C; @a = 95%) to ty = 21.0°C for IEC-R (parameters of auxiliary air flow 7 =
27.0°C, 4 = 100%). Attention should be paid to the parameters of the auxiliary air
flow at the exit of the IEC-Rg. Unlike the processes in IECg, the changing in the
condition of auxiliary air flow in IEC-Rg takes place along the line of @, = 100%;
this can result in decreasing of the efficiency of cooling. This circumstance is very
important for the development of the evaporative cooling technique, but usually it is
not considered in publications of recent years (Maisotsenko and Gillan, 2003; Pande-
lidis et al., 2015; USA Patent 2009/0007583; USA Patent 2004/0061245; USA Patent
6,494,107); this can result in distortion of the obtained results. The correct selection
of the correlation of /* = Gy, / G4 influences the nature of the process in IEC-Ra. The
ratio of auxiliary air flow and flow of recirculating water also plays an important role.
The comparative analysis of the operation of IEC and Chg (scheme is according to
Fig. 1B) is presented in Fig. 4A. The analysis was carried out for the condition of /* =
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Fig. 4. A — operation of indirect evaporatlve air cooler (IECg (dotted line) and low tem—
perature air cooler Chg (dash-dotted line))

B — operation of water chiller Chw depending on water flow rate ratios in main cooling
loops

Gy / G4 = 1.0 for both solutions. The conditional step analysis for Chg is presented:
1-2-3..., dash-and-dot line (1-3*, 1-3**, 1-3ch A, processes in evaporative cooler for
auxiliary air flow); corresponding processes in heat exchanger (processes of cooling
of main air flow "M" at constant humidity content) are presented by lines 1-2%*, 1-
2#% 1-2ch M. The changing in water temperature in the recirculating loop (¢,°) are
shown on the equilibrium curve; for each step they match the corresponding value of
wet bulb temperature of auxiliary air flow entering the evaporative cooler which was
previously cooled in a heat exchanger. The resulting process of main air flow cooling
is shown by solid line 1-2ch M.

The following data was obtained (for initial conditions: #,' = 35°C, x,'= 11g/kg,
tg, = 14°C):

IEC: £y, =26.5°C, 1, = 25.5°C; @A = 95%;
Chg: = 19.5°C, t4 =27.5°C, ¢A = 100%.

Comparative capabilities of evaporative water chillers, CTWs, and Chw were
studied (fig. 4B). The background for comparative analysis was the experimental da-
ta. Packing multichannel polymeric structures were used as heat and mass transfer
apparatus: CTWs and chillers. The flow ratios in the main cooling loops in water-
water and water-air heat exchangers was [** = G/ G at =G,/ Gy = 1.0 for all
analyzed variants of operation of Chw (where Gys = G'\, + G7,). Processes in a cool-
ing tower: 1-3 - for air, 5-6 - for cooling water. Processes in a Chw: 1-2-4 - for air, 7-
8 - for cooling water. It can be seen that the degree of approximation to the cooling
limitation (dew point temperature tdpl) is 9.5 u 6.0°C for compared cases, respective-
ly. The analysis was carried out for Chw for different ratios of water in main cooling
loops at [** = G', / G*.. For initial conditions of t, = 35°C, x, =11 g-kg'l, ty! =
14°C, the following data was obtained:

1. I#* =G, /G*, = 1.5: £, = 22.3°C; Ar¥* = 8.3 °C;
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2. %% =G, /G, = 1.0: t,7 = 20.0°C, At** = 6.0 °C;
3. 4% =G, /G’ =0.5: 1, = 18.5°C, Ar¥* = 4.5 °C.

It can be seen clearly that the increase in cold water portion entering the heat ex-
changer of preliminary cooling of air (G',) leads to decreasing in chilled water tem-
perature #,”: the value of Ar** = (£, - tdpl) is 4.5°C for /** =0.5.

Two important issues should be noted here: the limit of cooling is related to the
ratio of flow rates in evaporative cooler (CTW), and for the highest values of / =
G./G,, it almost equals the natural limit (in this case this is the value of t'); for Chw
with maximal value of /** = G',,/G?,, (0.5) the line representing the changing condi-
tions of the air flow in evaporative cooler almost coincides with the line of ¢ = 100%.

Conclusions. Compared to indirect evaporative cooling in IECg, the cooling of
air flow in a chiller air cooler Chg decreases the cooling limit of the main air flow
lower than the wet bulb temperature of the ambient air; this increases the capabilities
of the evaporative methods of cooling.

Compared to CTW, the cooling in water chiller Chw can provide a considerable
decrease in temperature of cooling; the limitation of cooling in this case will be the
dew point temperature of the ambient air; this expands substantially the boundaries of
the practical application of such coolers; the further approximation to the limitation
of cooling in Chw provides the variation of the ratio of the liquid flows in main cool-
ing loops [** = G,/ sz, and it can be decreased at the increase in /= G,/G*,.

A transition to the "deep cooling" of water in Chw compared to CTW, will result
in the increase in specific energy consumption; from this point of view, the study of
optimal operation conditions of such water cooler is the most interesting, particularly,
the study of the influence of contacting flow rate ratios of air and water / = G,/Gy, on
the efficiency of the process, as well as the influence of the value of /** = GG,
flow rates of water in the main cooling loops of the chiller Chw.
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Jopowenko A. B., I'nayoepman M. A., Illecmonanoe K.O., booua A. C., Xanak B. @.
HcnapurtenbHble 0XJIATUTETH I'A30B U KUIKOCTEH ¢ MOHUKEHHbIM
YPOBHEM OXJIa:KIeHUsI

AHHOTAIMS

Hannoe uccnedosanue nocesiujeHo paspadomre NPUHYUNUALLHBIX PEUEeHUll CUcCmem OoX-
JadHcOeHUs 6030YXA U KOHOUYUOHUPOBAHUS 8030VXA, pa3pabomke 000py008arus 0 Menio-
MACConepeHoca maKux CUCmem, IKCHePUMEHMATbHOMY UCCIe008AHUIO U AHATUZY NPUHYUNU-
ATILHBIX BO3MOJNCHOCMEN MAKUX CUCTEM HA OCHO8e NPOBEOEHHbIX MeopemuyecKux u dKcne-
PUMEHMANbHBIX ucciedosanull. [Iposedeno meopemuueckoe MoOeIupoBaHUe CONPSHCEHHO2O
npoyecca menjiomacconepeHoca 6 KOC8eHHbIX UCHAPUMENbHBIX OXAAOUMENSAX 800bl U 8030VXd.
Ilokaszano, umo memnepamypa mouku pocsl 030YUWHO20 NOMOKA, NOCMYNAWe20 8 UCNA-
PUMENbHBLU 0XIA0UMENb, MONCEM CILYHCUMb 02PAHUYEeHUeM 0XaAaxcoeHus. H3yuenvl mpyoHo-
Ccmu, C6s3aHHble C NONYYEHUEM OZPAHUYEHUs OXAANCOeHUsl Ol HUBKOMEMNePamypHo2o OX-
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JIAXNCOEHUsl, CBAZAHHO20 C BO3MONCHOU KOHOEHcayuell 800AHbIX NAPO8 8 B030YUIHbIX NHOMOKAX,
K020a 8030YUIHbILL NOMOK, KOHMAKMUPYIOWULl ¢ 8000U, 00 8blX00d U3 YCMPOUCMBEA MeENI0-
macconepeHoca nOIHOCMbIO HACLIYAEMCAL.

Knrwuesvie cnosa: ucnapumenvhvie oxaaoument, eCmecmeeHHoe 0X1adcoeHue, KOHOUYUO-
HUpo8aHue, IHepeocoepedceHue.

Hopowenko O. B., I'nayoepman M. A., [llecmonanos K. O., boona O. C., Xanak B. @.

90

BunapHsi oxos10a:KyBavi rasis I piiuH 31 3HHKEHUM PIBHEM 0XO0JIOAKECHHS

AHOTAIA

Iumepec 00 moocnugocmerl 8UNAPHO2O OXOJIOONCEHHS Cepedosuly 8 OCMAHHI POKU He-
VXUTLHO 3pOCMAE, WO O0OYMOBNIEHO iX MAIUM €HEeP2OCHONCUBAHHAM 1 eKON02IYHOI0 YUCMO-
moro. [llupoke npakmuyune 3acmMoCy8aAHHs 3HAX00SIMb BUNAPHI 0X0I00HCY8AUT NPAMO2O muny
(no8impooxono0xcyeaui i 60000X010024CY8AUI-2PAOUPHE), | HeNnpsAMO20 Munie (nosimpo- i
80000x071002icy8aui). Mooicaugocmi maxkux 0Xon00x#Ccy8ayié no 00CA2AEMbCs MmeMnepamyp-
HOMY DIBHIO OXOJIOOJNCEHHS 0OMENCEeHi memMnepamypoio 306HIUHBLO20 HOBIMPs NO MOKPOMY
mepmomempy € NPUPOOHUM MedHCer0 OXON00NCEHHs, IX edheKmuHicmob ICIMOMHO 3aNeHCUMb
8I0 Micyesux KIIMamMu4Hux yMos. 3HAYHUL [Hmepec 8 OCMAHHI POKU BUKIUKAIOMb GUNAPHI
0X0N0024CY8aYI 3i 3HUNCCHUM MeHCeI0 BUNAPHO20 OXONOO0NCEHHS cepedosuly. 3HUNCEHHS meM-
nepamypHo20 pIiBHs O0XOJOONCEHHs 3abe3neyyc I 3a2albHe 3MEeHUWEeHHs KilbKOCmI 600U,
BUKOPUCMOBYBAHOI 8 GUNAPHUX 0X0I00JCY8AYaX, WO Ol CYYACHUX eHepeemUdHUX CUcmem
03HAYAE peanbHe 3MEHUIeH sl KIIbKOCMI 600U, He0OXIOHY Ol KOMReHcayii 6mpam Ha 8UNapo-
8YBAHHSIL.

Po3pobneni npunyunosi piwienHns sunapuux 6000- i NOBIMPAOXOL00HCYBAUIE HENPAMOO
muny (ROBIMPSAHUX | B00AHUX YiNepPig) 3 MedHCcer) 0XON00HCYBAHHS, HOHUNCEHOTIO NO BIOHOUIEH-
HIO 00 MeMnepamypu MOKpo20 mepmomempa nogimpsano20 NOmoKy, wo NOCmyndae 8 oxoio-
oorcysay. J[nsi HUBLKOMEMNEepamypHux GUNAPHUX OXOJIOO0NCYBAUIE8 HOB020 NOKONIHHA YI€H
Medfcero € memnepamypa mouKku pocu nogimpsHo20 nomoky, wjo nocmynae. Hacaoxosa uac-
MUHA MeNn0-MAacoO0OMIHHUX anapamis niieKko8o20 Muny UKOHAHA HA OCHOBI OA2amoKaHalb-
HUX KOMNO3uyil 3 noaimepuux mamepianis. Ilepexio Ha cxemHi piuleHHs HUZbKOMeMNepPamy-
PHUX BUNAPHUX 8000- 1 NOBIMPSAOX000CYBAUIE 3aDe3neyye, NOpPiBHAHO 00 MPAOUYIUHO2O
0QOPMAEHHSI 0XONI00HCYBAYA HENPAMO2O MUNY, ICIOMHE 3HUNCEHHS MeMNepamypu 0Xo.o-
00ICYBAH020 NOMOKY, alle 8UMALAE PO3210) Hebe3neKu GUHUKHEHHS «PeKOHOeHcayii» 8 0ono-
MIJCHOMY NOGIMPSAHOMY NOMOYI, W0 0e3n0cepeOHbO KOHMAKMYE 3 800010, PEYUPKYII0I0UOI0
Kpi3b «MOKpY» 4acmky anapamy. Aemopamu 3anponoH08aHa MamemMamuyHa mooeib npoye-
Ci8 CHiIbHO20 MENLO-MACOOOMIHY Y GUNAPHUX OX0JI00HCYBAUAX 2A316 | PIOUH HENpAMO20 Mu-
ny, wo 00380JIA€ 8paxXy8amu Hebe3neKy «PeKoHOeHcayii» 6 OONOMINHCHOMY NOGIMPAHOMY NO-
moyi, Wo NPUHYUNOBO 8AdICIUEE NPU NEPexo0i 00 HU3LKOMEMNEPAMYPHO20 BUNAPHO20 0XO-
J1002HCY8anHA nosimps abo eoou. Ha niocmaei ompumanux agmopamu ekcnepumeHmaibHux
Oanux no epexmusHocmi npoyecie menio-macoooOMiny UKOHAHO NOPIGHAIbHUL AHAI3 MOC-
Jqueocmeti po3pooaeHux 0xono0xcyseadie-uinepis. Ilokazana nebesnexa pexonoencayii 6 00-
NOMINCHOMY NOBIMPAHOMY NOMOYI i3 3DOCMAHHAM TUOUHU OXON00NCYBAHHA (3MIHA CMAHY
O00NOMIICHO20 NOGIMPAHO20 NOMOK) 8 HUILKOMEMNEePaAmypHOMY SUNAPHOM) OXO0N00HCY8aAY]
npomikae y3008xc ninii ¢ = 100%, wo mooxce npueooumu 00 peKOHOeHCaAyii i 3HUNCEHHIO
eheKmusHOCMi 0X0JN00HCYBAHHS) I 3aNPONOHOBAHT WIAXU Supiuents yiei npoonemu. Lle 6u-
3HAYAEMbCA, 30KpeMd, NPasUIbHUM 8UOOPOM CNIBBIOHOUIEHHS KOHMAKMYIOUUX NOGIMPAHUX
nomokis | = G,/ Gy (0CHO8H020 | 0ONOMIdHCHO20) 01151 BUNAPHO20 8030yx00xAaoumens il = G,
/ G (2a3y i piounu) 015 6UNapHo20 60000X0N00ICYBAUA.

Knrouoei cnosa: sunapni 0xon00x4cysadi, npupooHe 0xXon00HceHHs, KOHOUYIOHYB8AHHS NO-
8impsl, eHep2030epexncetHs.



