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Abstract

The issue of reducing energy consumption and the negative impact on the environment caused by vapour-compression refrig-
erating machines through the use of adiabatic air cooling technologies is considered in the paper. The climatic features of the
use of adiabatic air cooling are determined using the example of four cities of Ukraine (Lviv, Kyiv, Kharkiv, Odesa). It is
shown that the maximum cooling effect is observed in Kharkiv, although in terms of maximum temperatures and the duration
of the warm period, this city is 6.3% inferior to Odesa. However, due to low relative humidity, the cooling efficiency was
5.4% higher. To conduct a comparative study of the effectiveness of the use of adiabatic technologies, field tests were con-
ducted on two identical refrigerating units working under the same operating conditions, one of which was additionally
equipped with an evaporative cooling system. A monitoring system, which was installed on both the original and the modern-
ized refrigerating units, was developed to collect, accumulate and pre-process experimental data. It was determined that when
using adiabatic technologies, the mass flow rate of the refrigerant is reduced compared to the original vapour-compression
machine while ensuring the same cooling capacity, which in turn leads to a decrease in the load on the compressor. In turn,
this leads to a decrease in the rotation frequency of the compressor electric motor, which resulted in a decrease in energy
consumption by 25-28 % for the considered type of refrigerating units.
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1. Introduction

The main problem the developers of refrigerating equipment
have faced since the time when the first refrigerating machines
were used, namely, achieving maximum refrigerating capacity
with minimal energy consumption, is still relevant today [1,2].

It is relevant primarily from an environmental point of view,
because the consumption of electrical energy by a refrigeration
machine directly affects the ecological state of the environment.
After all, electricity production at thermal power plants leads to
constant CO emissions [3—7].

It should also be taken into account that operated refrigerat-
ing machines loose cooling capacity over time for a number of
reasons. These reasons include changes in operating modes,
which have increased the heat load; increased maximum tem-
peratures due to changing climatic conditions; retrofit (replace-
ment) of the refrigerant due to environmental requirements;
equipment ageing. Thus, the search for ways to increase the
cooling capacity, reduce energy consumption and negative im-
pact on the environment by refrigerating machines remains
a pressing problem in the world.

Analysis of literature sources [8,9] showed that there are the
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Nomenclature

cp —specific isobaric heat capacity, kJ/(kg-K)

d —absolute humidity, kg/kgary air

G —mass flow rate, kg/s

I —specific enthalpy, ki/kg

kF —heat transfer rate in the evaporator and condenser, W/K
mref— mass flow rate of refrigerant, ka/s

nn—number of hours/year in the temperature range

t —temperature, °C

tin — air temperature in front of the evaporative surface, °C

v —specific volume of vapour at the compressor suction, m3/kg
Veomp— compressor volumetric flow, m/s

Greek symbols
., — coefficient of thermal efficiency of the evaporator

following ways to increase the cooling capacity of a refrigera-
ting machine:

— increasing the speed of the compressor motor shaft using
a frequency converter,

— reducing temperature drops of condensers and evaporators,

— reducing pressure losses in pipelines and fittings on the re-
frigerant discharge and suction lines,

— optimizing the processes within the refrigerating system
(increasing the coefficient of operating time of the refriger-
ating machine and reducing thermal loads on the refriger-
ating system),

— additional subcooling of the liquid refrigerant at the inlet to
the temperature-regulating valve (TRV).

These methods are thoroughly reviewed in the literature
[8,9] and are widely used in practice.

But there is another, less common way to improve the per-
formance of vapour compression refrigeration machines. This is
to reduce the air temperature at the condenser inlet through
evaporative pre-cooling.

Many literature sources are devoted to evaporative cooling
as an alternative to mechanical refrigeration cooling for air con-
ditioning depending on the climatic conditions and thermal load
characteristics of the building [10]. Direct and indirect evapora-
tive coolers are widely used in many arid regions of the world,
such as the south-western United States, Australia, Western Asia
and north-western China [10].

In [11], a simplified mathematical model was developed to
describe heat and mass transfer between air and water in a direct
evaporation cooler. The predicted results show the adequacy of
the simple mathematical model for the design of a direct evapo-
rative cooler, and that a direct evaporative cooler with a high-
performance material can be well applied for air conditioning
systems.

Direct evaporative cooling can significantly reduce air tem-
perature, which is theoretically limited by the wet bulb temper-
ature. The wet bulb temperature is the temperature that moist air
has when it reaches saturation and the air enthalpy remains con-
stant, that is, it is the limiting temperature of adiabatic cooling.

For evaporative air cooling, panels with various water-wet-
table materials have been developed for adiabatic systems. The

fl.ond — CO€fficient of thermal efficiency of the condenser
Acomp — compressor delivery coefficient

& — moisture loss coefficient
& —compression ratio in the compressor
¢  —average relative humidity, %

Subscripts and Superscripts

cond — condensation

cool — coolant from the evaporator side of the refrigeration system
ev  —evaporation

ref —refrigerant

Abbreviations and Acronyms
COP - coefficient of performance
RU - refrigerating units

TRV — temperature-regulating valve

paper [12] describes the influence of panel design on saturation
efficiency and plant operation. These coolers can also be used
as stand-alone units to cool room air to wet bulb temperature. In
[12], itis not proposed to use these devices as an air pre-cooling
system.

In [13], a numerical and experimental study of a new indirect
evaporative cooling system is proposed. The air in this scheme
is cooled to a temperature limited by the dew point temperature.
This temperature is lower than the wet bulb temperature. Un-
saturated moist air can be cooled to the dew point temperature
while maintaining constant moisture content. At the same time,
the moist air becomes saturated.

There are very few papers in the current literature devoted to
the use of evaporative cooling as a pre-cooling system for air
before refrigeration machines.

In [14], the operation of a pre-cooling system, which ensures
a reduction in energy consumption by chillers, is considered.
The system was installed in the climatic conditions of Kuwait.
It is shown that the use of the adiabatic pre-cooling system for
existing air conditioning leads to a significant reduction in com-
pressor operating hours and service time, which, in turn, signif-
icantly reduces the peak power consumption of the load.

In [15,16], it is shown that when using thermodynamic anal-
ysis and thermoeconomic optimization to design operating pa-
rameters of air-to-air air conditioners, it is necessary to take into
account the humidity of the ambient air. The thermoeconomic
model of an air conditioner operating on a transcritical cycle
with the refrigerant R744 (CO>) has been improved in the paper.
However, it is not proposed in the paper to humidify the air to
increase the coefficient of performance (COP), but only to de-
termine the effects of humidity on the plant efficiency.

In paper [17], to ensure thermal comfort indoors and energy
saving in buildings, an integrated comfort control strategy,
which combines the air conditioning, humidifier and ventilation
system, taking into account the parameters of the environment,
is proposed. The effectiveness of the proposed integrated com-
fort control is shown by comparing it with the indicators of tra-
ditional individual control tools. However, the air humidifica-
tion proposed in the paper occurs in parallel with air condition-
ing and is not considered as a system of pre-cooling of air before
the air conditioner.
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In [18], a premise heating system using a transcritical CO;
heat pump system with an R134a subcooling device was pro-
posed, and the subcooling temperature was investigated theoret-
ically and experimentally. However, although this method in-
creases the efficiency of the heat pump, it requires the installa-
tion of an additional compressor, and therefore requires addi-
tional electricity consumption. In addition, the use of freon in-
creases the negative impact on the environment.

A review of the literature [8-18] showed that there is not
enough information on this topic. That is, either evaporative
cooling is considered as an alternative for air conditioning sys-
tems [17], or adiabatic pre-cooling is considered for chillers op-
erating in the climatic conditions of Kuwait [14]. The climate of
Kuwait is exceptionally hot. It is subtropical and characterized
by extremely high temperatures in the summer. Summer average
maximum temperatures practically do not fall below +45°C,
sometimes rising to +50°C...+55°C in the shade. Therefore, the
feasibility of using an adiabatic cooling system there is deter-
mined by climatic conditions.

Therefore, the current task of this work is to clearly demon-
strate the high efficiency and accessibility of adiabatic cooling
technologies to improve the characteristics of industrial refrig-
eration systems with high cooling capacity in temperate climate
zones. The accessibility of technologies implies not only the
simplicity of design, installation and operation, but also the eco-
nomic component, since it is associated with the cost of the ad-
iabatic system itself, as well as the consumption of additional
electricity for the operation of fans and pumps and irreversible
water losses. The effect of air supercooling can be considered as
a reduction in electricity consumption by the refrigeration ma-
chine, an increase in its efficiency with a rational balance of the
number of operating times of the adiabatic system, taking into
account investments and operational losses associated with its
operation. It is clear that the appropriateness of using such sys-
tems is closely related to climatic conditions. The higher the psy-
chometric temperature difference (the difference between air
temperature and wet bulb temperature) over a longer period of
the year, the more rational it seems to use adiabatic systems as
pre-cooling before refrigeration machines.

Thus, the theoretical justification of increasing the efficiency
of vapour-compression refrigeration machines using evapora-
tive air pre-cooling technologies and experimental confirmation
of the competitiveness of adiabatic technologies in the refriger-
ation industry through remote monitoring of these systems in the
climatic conditions of Ukraine is an extremely urgent task

2. Evaporative cooling technologies and research
methods

When calculating adiabatic cooling processes, the psychometric
difference between the wet and dry bulb temperatures should be
taken into account. This difference allows the use of a renewable
energy resource — water — in the process of evaporative air cool-
ing.

Air cooling can occur in various ways. The first one is direct
evaporative single-stage cooling. In this case, heat is removed
during the evaporation of water in the air stream, and the mini-

mum theoretical air temperature is the wet bulb temperature. In
process 1-2, the temperature during adiabatic cooling decreases,
and the moisture content increases, while the enthalpy remains
unchanged (Fig. 1), because this thermodynamic process is not
accompanied by the removal of heat from the air.

> &
£,°C y

t=const

‘\de\\- point |

d, kg/kg

air

Fig. 1. Psychrometric diagram of air: 1-2 — adiabatic air cooling;
1-3 - cooling in an indirect evaporative heat exchanger.

The second one is indirect evaporative single-stage cooling.
In this case, the air is cooled through the wall of the heat ex-
changer by a flow of coolant, which is cooled by the evaporation
of water. The most accessible coolants in this case are water
cooled by partial evaporation and air cooled during the evapora-
tion of water. The minimum theoretical air temperature is the
wet bulb temperature of the refrigerant circuit. During the pro-
cess of temperature reduction in indirect evaporative cooling
1-3, the enthalpy decreases, and the moisture content remains
unchanged (Fig. 1). The third one is evaporative two-stage cool-
ing, which is a symbiosis of the first two methods (Fig. 2). Indi-
rect cooling is used in the first stage, and evaporative cooling —
in the second one. This method allows obtaining temperatures
below the wet bulb temperature and close to the dew point tem-
perature. In the process of lowering the temperature in two-stage
cooling, the enthalpy decreases and the moisture content in-
creases. Such systems are often offered as an alternative to “ar-
tificial cold in air conditioning systems”.
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Fig. 2. Psychrometric diagram of air: 1-1'— indirect cooling
(first stage), 1'-2 — adiabatic cooling (second stage),
1-3 — adiabatic air cooling.
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The parameters of moist air are determined using known
equations [11].

The indicators of cooled air at the outlet of the heat ex-
changer (process (1-1° in Fig. 2) are calculated according to
well-known thermodynamic relations and criterion equations of
heat transfer, relative humidity and air velocity. As a calculation
results, temperature, relative humidity, water consumption for
evaporation, cooling capacity, additional and final air moisture
content are obtained.

There is not only theoretical evidence of the effect of adia-
batic pre-cooling of air before the condenser, but also long-term
observation of the operation of operating systems offered in the
paper. Namely, remote monitoring of the efficiency of using ad-
iabatic technologies in an industrial refrigerating unit was used
in comparison with a similar machine in which humidification
was absent.

It should be noted that during the study, it is also necessary
to take into account such a fact as a decrease in the efficiency of
evaporation systems due to a decrease in the temperature gradi-
ent with a decrease in temperature and an increase in the relative
humidity of the ambient air. The weather and climatic depend-
ence of the use of certain water evaporation systems requires
careful analysis and consideration of the characteristics of a par-
ticular region. The decrease in the temperature of the wet bulb

Table 1. Evaporative cooling indicators for 4 cities of Ukraine.

Lviv Kyiv
tin, °C o, twet bulb, Ny, o twet bulb,
% °C h % °C

34..36

32..34

30...32 29 18...19
28...30 38 18...20 36 40 19...20
26...28 41 17..19 171 43 18...19
24...26 50 17..19 288 49 17..18
22..24 54 16...18 411 54 16...18
20...22 62 15..17 501 63 15..17
18...20 70 15...16 618 68 15..17
Annual 2025

3.2. Analysis of the use of single- and two-stage air
cooling technology in different cities of Ukraine

The estimated air temperatures after direct single-stage cooling
in multilayer evaporation panels based on aluminium foil and
two-stage cooling devices in different cities of Ukraine depend-
ing on the temperature and relative humidity of the ambient air
recorded by weather stations are shown in Fig. 3.

To calculate the cooling processes, a certified software from
the manufacturer of evaporative panels OXYCOM (Nether-
lands) [19] was used. OXYCOM produces evaporative panels
OXYVAP, which provide adiabatic cooling and humidification.
The initial data for this software are the parameters of moist air
and cooling methods.

Blue colour indicates the outdoor air temperature at the inlet
to the evaporative surface in the range of +/—1°C. Orange colour
indicates the average temperatures after single-stage cooling,

thermometer does not change so quickly, unlike the dry bulb
one. Therefore, at moderate ambient temperatures, the effi-
ciency of an air cooler may be better than that of an evaporative
cooler. In this regard, methods of analysis and generalization of
weather and climate data (namely, temperature and humidity of
atmospheric air) to determine the climatic features of the use of
adiabatic air cooling in different cities of Ukraine, which al-
lowed to conduct a comparison of the use of technologies for
reducing condensation temperatures and liquid supercooling,
were also used in the paper.

3. Climatic features of the use of adiabatic air
cooling

3.1. Analysis of climatic conditions in Ukraine

As noted, evaporative cooling of heat exchangers that release
heat is most effective in the warm season.

But in different climatic conditions, depending on the tem-
perature and relative humidity, the effectiveness of the evapora-
tion technology will vary. In this regard, the calculation results
of direct evaporative single-stage cooling to the wet bulb tem-
perature in Lviv, Kyiv, Kharkiv and Odesa were analysed.
A summary of the general climatic conditions and the calculated
wet bulb temperature are shown for each city in Table 1.

Kharkiv Odesa

Ny, [ twet bulb, Ny, [ twet bulb, Ny,

h % °C h % °C h
19 18...19 12

24 18...19 36 23 18...19 38

36 29 18...19 120 32 18...20 136
147 33 17..18 243 37 18...20 252
276 36 16...18 327 43 17..19 364
432 44 16...18 378 52 17..19 372
537 49 15..17 462 58 17..18 504
588 55 14...16 564 65 16...18 677
693 61 14..15 633 67 14..16 606
2709 2763 2949

and green colour indicates the average temperatures after two-
stage cooling.

Using two-stage cooling compared to single-stage one for
a specific type of evaporator increases the performance of evap-
orative cooling by 33%...36%.

3.3. The method of mathematical modelling to deter-
mine the operating parameters of a vapour-compres-
sion refrigeration machine

The method of mathematical modelling with lumped parameters
to determine the operating parameters of a vapour-compression
refrigerating machine is also used in the study. When modelling
an object with lumped parameters, the mathematical model is
a system of ordinary differential and algebraic equations. The
method is simple in form, easily amenable to algorithmization,
and takes into account the interrelation of many of its characteri-
stics. The method for calculating the static characteristics of the
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t t
34 34
32 32
30 30
28 28
26 26
24 24
22 22
20 20
18 18
16 16
14 14
12 12
10 10
36 171 288 411 501 618 36 147 276 432 537 588 693
Lviv Na Kyiv Ny

t ‘

34 34
32 32
30 30
28 28
26 26
24 24
22 2
20 20
18 18
16 16
14 14
12 12
10 10

36 147276 432 537 588 693 36 147276432537 588693
Kharkiv M Odesa M

Fig. 3. Temperature performance of evaporative surfaces of direct single-stage and two-stage cooling in 4 cities of Ukraine.

operation of a refrigerating machine is based on modelling the
refrigerant circulation circuit by constructing heat balance equa-
tions for the plant elements.

Fig. 4 shows a schematic diagram of a refrigeration machine
with an air pre-cooling system, indicating the main points of the
process. Point 1ref corresponds to the refrigerant parameters be-
fore the compressor, taking into account the refrigerant over-
heating by 5°C.

. Ne
refrigerant o
2 ref Iref
2 4
cooler e
2z 8|  compressor 5[ [coolant
g s
‘qé chnd 8_ ch
g E
9 [+]
throttle s

3ref N 4ref

Fig. 4. Schematic diagram of a refrigeration machine with
an air pre-cooling system.

The evaporator cooling capacity Qe and the condenser heat-
ing capacity Qcong are determined by jointly solving the follow-
ing equations:

Qcv = mref[ilref + i4ref] = Gcoolcpcool‘fﬁev(h — tey),

kFey

= _ G c . _
Nev = 1 —e "cool®cool; Myer = Acomchomp/vlrefl

Qcond = mref[izref + i3ref] = GZCpZ Tlcond (tcond - tz):

_kFcond
> — G
Ncond = 1—e =22,

where ts, tey are the temperatures of the coolant at the evaporator
inlet and the refrigerant evaporation temperature; ty, tcond are the
temperatures of the moist air at the condenser inlet and the re-
frigerant condensation temperature.

The compressor delivery coefficient Acomp can be determined
by the empirical equation:

Acomp = 1 — 0.05[086° — 1],

The vapour temperature at the compressor outlet tarer is de-
fined as:

(tarer +273.15) = (turer +273.15) [ - (% —1)+1]

where « is the refrigerant adiabatic index; 7 is the compression
ratio, which is defined as the ratio of the condensation pressure
Peond t0 the evaporation pressure pev; 7is IS the compressor isen-
tropic efficiency, which is found from equations [20]:

o atm<4

Nis = —0.00251537* + 0.038729973 — 0.227967572 +
0.57723727 + 0.2758929,

Nis = —0.037 + 0.892.

Compressor indicator power:

Ncomp = Mper [izre;':uef]_

The compressor indicator power is the power consumed in
the cylinder for compression and injection of vapour without
taking into account the mechanical losses in the compressor and
drive.

Compressor power consumption:

Ne = Ncomp/ne’
where 7. = 0.98 is the electromechanical efficiency of the com-

pressor.
Cooling coefficient:

cop =%,
N,

€
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The presented method is implemented as a package of ap-
plied programs. Comparison of the results of numerical model-
ling with the data of air conditioner tests confirmed the effi-
ciency of the method. The maximum discrepancy between the
design and experimental values for such parameters as Qev, Qcond
and COP does not exceed 7.6%, which can be considered satis-
factory for design developments.

The vapour-compression refrigeration machine MKH-80
manufactured in Ukraine, designed to produce a coolant (ice wa-
ter) with a temperature of 1°C for use in technological lines of
the food and chemical industries, was examined.

Freon R507 is used as the refrigerant, which circulates in the
system in liquid and vapour states during machine operation.

The MKH-80 refrigeration machine has a semi-hermetic pis-
ton compressor "Frascold". The refrigeration capacity of the re-
frigeration machine is 80 kW, the current frequency is 50 Hz.

Hydraulic losses were not taken into account in the calcula-
tion. The thermal efficiency of the condenser was set at 60% and
the evaporator at 50%. The superheat temperature of the freon
is set to 2°C. At the inlet to the condenser, the temperatures of
dry air and moist air were set for comparison under all the same
conditions according to Table 1.

Refrigeration machine cycle calculated at t, =30°C and
t, = 20°C is shown in Fig. 5.

According to Table 1, the thermodynamic parameters of the
refrigeration machine and the energy consumption for the com-

pressor drive were calculated for two cities at a cooling capacity
of 80 kW and a chilled water temperature at the evaporator out-
let of 1°C.

T[°C]

' RS507A
100

75}

| 2ref
50t 3ref

, 1700 kPa
25| (-
2o 650kPa / | ‘

2 4ref 1ref

25 180 kPa

| 35 kPa —- — s

-0,25 0,00 0,25 0,50 0,75 1,00 1,25 1,50
s [kJ/kg-K]

Fig. 5. Refrigeration machine cycle calculated
att, =30°C (1) and t, = 20°C (2).

Table 2 shows summary data on temperatures and reduction
in compressor power consumption ANe, which was determined
as its difference when dry and moist air was supplied to the con-
denser. Electricity savings ANexnn during periods n, of high
temperatures were also calculated.

Table 2. Summary data for two cities of Ukraine on temperatures and electricity savings of a refrigeration machine when feeding moist air to the condenser.

Lviv
ta, twet bulb, Ny, t2-twet bulb, AN, ANexnn,
°C °C h °C kW kW-h
30 20 36 10 8.45 304.20
28 19 171 9 7.33 1253.43
26 19 288 7 8.26 2378.88
24 18 411 6 4.6 1890.60
22 17 501 5 3.71 1858.71
20 16 618 4 2.67 1650.06
Annual 2025 9335.88

It can be seen that the use of evaporative pre-cooling of air
at the condenser inlet is 46% more effective for the climatic con-
ditions of Kharkiv than for Lviv. By analogy with Table 2, the
AN values for Odesa and Kyiv were also calculated.

Table 3 shows the total electricity savings ZANe.xn, and av-
erage electricity savings per hour ZANexnn/Xny for the entire
period of high temperatures for each city.

Table 3. Total electricity savings for 4 cities of Ukraine.

City 3nm, h SANexnn, KW-h :&th:: r/ ::l:r
Lviv 2025.00 9335.88 461
Kharkiv 2763.00 17462.28 6.32
Kyiv 2709.00 13315.65 4.92
Odesa 2949.00 15775.30 5.35

Kharkiv

ta, twet bulb, Ny, t2-twet bulb, AN, ANexnn,
°C °C h °C kw kW-h
34 19 36 15 13.35 480.60
32 19 120 13 11.21 1345.20
30 18 243 12 9.92 2410.56
28 18 327 10 8.06 2635.62
26 18 378 8 9.00 3402.00
24 17 462 7 5.31 2453.22
22 16 564 6 4.40 2481.60
20 15 633 5 3.56 2253.48

2763 17462.28

Table 3 shows that the largest average electricity savings per
hour for the entire period of high temperatures is observed in
Kharkiv — 6.32 kW-h per hour, and the smallest in Lviv —
4.61 kW h per hour. Thus, the greatest potential for the use of
evaporative adiabatic pre-cooling is in Kharkiv, where the aver-
age electricity savings per hour is 15.3% higher than in Odesa
(5.35 kW-h per hour), where the highest ambient temperatures
are observed, but the relative humidity is higher.

There is not only theoretical evidence of the effect of adia-
batic pre-cooling of air before the condenser, but also long-term
observation of the operation of operating systems offered in the
paper. Namely, remote monitoring of the efficiency of using ad-
iabatic technologies in an industrial refrigerating unit was used
in comparison with a similar machine in which humidification
was absent.
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4. Remote monitoring of the effectiveness of us-
ing adiabatic technologies

For 5 years, the company Astra LLC, Verkhniodniprovsk, has
been producing, installing and investigating the operation of re-
frigerating machines with various adiabatic devices at cooling
facilities. As a basic evaporative surface, multilayer surfaces
based on the aluminium foil of the OXYVAP panel, products of
the OXYCOM company, Netherlands [19,21], were used.

About 100 refrigerating machines with adiabatic devices
were modular typical devices. The main consumer of cold is me-
dium-temperature chambers of distribution centres in different
regions of Ukraine. Thanks to the installed remote monitoring
system, information on the effectiveness of the use of adiabatic
technologies was collected.

4.1. Remote monitoring of the efficiency of using cool-
ing air at the condenser inlet

One of the first studies (Kharkiv) was about the use of irrigation
of evaporated panels OXYVAP to cool the air at the inlet to the
condensers of refrigerating machines in order to reduce the en-
ergy consumption of compressors due to a decrease in the con-
densation temperature.

Two identical refrigerating units (RU1 and RU2), which are
installed on the same site and operate with the same parameters
per refrigerating chamber, were selected for the experiment
(Fig. 6).

Water was supplied to the irrigated panels of the RU1 con-
denser from 11:20 to 15:00. No panels were installed on the RU2
condenser. The presence of panels creates additional aerody-
namic resistance and reduces the volume of air passing through
the condenser of the refrigeration unit. The condenser perfor-
mance decrease was 28.9% (Table 4), and the calculated results
using the equations in section 3.3 show a 32% condenser perfor-
mance decrease.

Fig. 6. Air cooled condensers with adiabatic panels.

Table 4. Meter readings.

Start End

Difference
Meter of measurement of measurement in indicators
11.20 15.00

Electricity RU1,

Wh 20.9 83.6 62.7
Electricity RU2,

Wh 29.4 117.6 88.2
Water con- 237.173 237.745 0.572

sumption, m?

Monitoring of equipment operation was carried out during
the warm period — 154 days. Next, to demonstrate this technol-
ogy, a time period of 3 hours and 40 minutes with stable high
ambient temperatures (from 30°C to 32°C) was chosen.

During the experiment, the indicators of electricity meters
(accuracy class 1.0), installed separately on each of the systems,
and the water flow meter (accuracy class C) were monitored
(Table 4).

The outdoor temperature, as well as ambient air temperature
after the adiabatic surface, refrigerant condensation temperature
of the refrigerating system and the temperature in the chamber
were also recorded (Fig. 7). The accuracy of temperature sensor
measurements is + 0.1°C.

= E0%20% - 12092019 14:20
T.°C
40 S -
— 4
7
30 = — — S—
3.
20 ffee—t A
2/
1
10
0
12:10 12:15 12:20 12:25 12:30 12:35 12:40 12:45 12:50 12:55 13:00 13:05 13:10 13:15 13:20

2 3

= 7

T

¥

Fig. 7. Performance indicators of refrigerating units with and without adiabatic cooling of air at the condenser inlet: 1 — air temperature in the refrigerator
compartment, 5.8°C, 2 — air temperature at the inlet to the RU1 condenser (after adiabatic panels), 19.4°C, 3 — RUI condensation temperature, 29.7°C,
4 — ambient air temperature, 30.4°C, 5 — RU2 condensation temperature, 44.1°C.

Based on the results of the field experiment, the following
conclusions can be drawn:

1. The water supplied to the irrigated panels evaporates and
cools the air at the inlet to the condenser, which reduces the
condensation temperature of the refrigerant. The graph
(Fig. 7) shows that the condensation temperature of RU1 is
29.7°C, which is 14.4°C lower than the condensation tem-

perature of the RU2 refrigerating unit and 0.8°C lower than
the ambient dry bulb temperature.

2. The refrigerating system with adiabatic air cooling con-
sumes less electricity due to the lower condensation tem-
perature. Compressor of RU1 consumed 11.61 kW less en-
ergy than RU2 compressor during 3 hours 40 minutes of
the experiment. The electricity savings were 26.58%.
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3. The air temperature at the inlet to the RU1 condenser after
the irrigated panel is 19.4°C. The air temperature at the in-
let to the RU2 condenser corresponds to the ambient tem-
perature of 30.4°C. The decrease in the air temperature at
the inlet to the RU1 condenser occurred due to the energy
of water evaporation. Water was also spent on washing the
irrigated panels. The total consumption during the experi-
ment was 572 litres in 3 hours 40 minutes.

4. The economic effect of resource conservation looks like this
(2019):

— cost of saved energy per hour: 6.87 UAH;
— cost of water used: 1.9 UAH;
— economic effect of resource saving per hour: 4.97 UAH;
— probable maximum savings of up to 5571 UAH/year;
— estimated payback period of the technology: up to
5 years.
The Euro to UAH exchange rate was: 1 Euro = 32.8267 UAH.

4.2. Remote monitoring of the efficiency of air cooling
at the inlet to the subcooler

The following studies, which were conducted before the use of
water evaporation systems to improve the operation of the re-
frigerating machine, were carried out using adiabatic panels at
the air inlet to the liquid subcooler.

Two identical refrigerating systems with units RU3 and
RU4, which are installed on the same site and operate with sim-
ilar parameters per refrigerating chamber (Figs. 8 and 9), were
also selected for the experiment.

On the RU4 system, an adiabatic liquid refrigerant subcooler
was installed in front of the electronic superheat control valve
(throttle) of the air cooler.

Operation of systems RU1 and RU2 before supplying
water to the adiabatic surface of the liquid subcooler RU2
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Fig. 9. Schematic diagrams of RU3 and RU4.

Remote computer monitoring data showed that at 10:22,
when the water supply to the adiabatic subcooler was turned on,
the operating parameters of the two systems began to differ sig-
nificantly (Fig. 10).

Operation of systems RU1 and RU2 after supplying water to the

adiabatic surface of the liquid subcooler RU2

09:30 09:40 09:50 10:00 10:10 10:20 10:30 10:40 10:50 11:00 11:10 11:20 1%
@  23/07/2019 09:30 — 23/07/2019 11:30

Fig. 10. Operation of refrigerating machines with and without liquid subcooling: 1 — RU2 compressor operating frequency, Hz;
2 — RU3 compressor operating frequency, Hz; 3 — opening of the RU4 system throttle; 4 — opening of the RU1 system throttle.

As a result, the liquid refrigerant in front of the throttle was
subcooled from 35.7°C to 22.3°C, i.e. by 13.4°C. The ambient
air temperature according to the dry bulb was 21°C, and the rel-
ative humidity was 64%.

The air temperature after the adiabatic panel was 17.1°C.
The water consumption was 7.6 I/h.

To transfer the same amount of heat, a lower mass flow rate
of supercooled refrigerant is required. When comparing the in-
dicator "% valve opening", it can be seen that in the RU4 system,
it is 15-20% lower than in the RU3 system.

Due to the decrease in the mass flow rate of the refrigerant,
the load on the compressor decreases. Accordingly, the rotation
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frequency of the compressor electric motor decreases, which in
turn leads to a decrease in the energy consumption of the RU4
system compressor also by 15-20% compared to the RU3 sys-
tem.

5. Discussion of research results. Comparison
of the operation of adiabatic systems

One of the performance indicators of evaporative cooling sys-
tems is water use. In the first experiment (Section 4.1), an adia-
batic panel humidification system without recirculation was
used. That is, water was supplied according to the algorithm pro-
posed by the panel manufacturer, which took into account the
periodicity of water supply depending on the temperature and
humidity of the ambient air. With this method, water was not
fully used in the evaporation process, but partially went into the
sewer. Later, in order to reduce water consumption, the refriger-
ating units were equipped with a recirculation system, which al-
lowed for a 30% reduction in water losses. But a significant fac-
tor in reducing water consumption was the transition to evapora-
tive air cooling at the inlet to the liquid subcooler (Section 4.2).
It was found that at high ambient air temperatures, the efficiency
of evaporative air cooling at the inlet to the condenser is higher
than while using an adiabatic subcooler. But as the temperature
decreases, this difference decreases, so the choice can be made
in favour of a system with a subcooler. At low air temperatures
and high relative humidity, the use of an adiabatic subcooler can
be more effective than the use of an adiabatic condenser.

Let's consider four options for operating a medium-temper-
ature vapour-compression refrigerating machine at high ambient
air temperatures (from 15°C to 35°C). Namely, with an air-
cooled condenser, the same system with an additional air-cooled
subcooler, and both systems with evaporative air cooling using
adiabatic panels. The refrigerating capacity of the refrigerating
machine, regardless of the operating mode and configuration, is
maintained at the same level and is equal to 33.3 kW. When the
air temperature at the inlet to the condenser and/or subcooler de-
creases, the system automatically maintains the specified refrig-
erating capacity through frequency control. As a result, the elec-
tric consumption of the compressor motor decreases. The lower
the ambient temperature, the lower the water consumption of
adiabatic systems.

Using the calculation algorithm [19], the operation of the re-
frigerating machine was simulated at different temperatures and
humidity of the environment (Figs. 11 and 12).

This allowed us to draw the following conclusions:

¢ the highest energy consumption of the compressor of the
machine with an air-cooled condenser without additional
subcooling of the liquid refrigerant is at the inlet to the
throttling element;

o the highest water consumption in the refrigerating machine
with evaporative cooling of the air is at the inlet to the con-
denser;

e the most efficient during the period of maximum air tem-
peratures of the warm period (minimum number of hours
per year) is the use of the machine with evaporative cooling
of the air at the inlet to the condenser;

o the efficiency is almost the same during the period of min-
imum air temperatures of the warm period (maximum num-
ber of hours per year) of the use of machines with evapora-
tive cooling of the air at the inlet to the condenser and the
subcooler;

¢ in third place in terms of energy efficiency in the warm pe-
riod of the year is the machine with an additional subcooler
of the air cooler liquid.
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Fig. 11. Comparison of water consumption when using air condensers,
liquid subcoolers and adiabatic condensers and subcoolers.
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Fig. 12. Comparison of electricity when using air condensers,
liquid subcoolers and adiabatic condensers and subcoolers.

Thus, water evaporation (adiabatic) systems use the enor-
mous hidden potential of water evaporation. Increasing the per-
formance of a refrigerating system using water evaporation is a
kind of “free cooling”, that is obtaining additional cooling with-
out using energy-intensive “machine cooling”. With the compe-
tent implementation of liquid refrigerant subcooling systems, it
is possible to reduce annual electricity consumption by more
than 20%.

6. Conclusions

The climatic features of the use of adiabatic air cooling in the
conditions of the temperate climate zone were determined using
the example of four cities of Ukraine (Lviv, Kyiv, Kharkiv,
Odesa). On the example of the characteristics of the vapour-
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compression refrigerating machine MKH-80 (80 kW) of Ukra-
inian production, the average electricity saving during the warm
period due to the use of evaporative pre-cooling of air at the con-
denser inlet was calculated. The maximum effect of evaporative
pre-cooling was observed in Kharkiv, where the reduction in
electricity consumption was 6.32 kWh per hour, which is 15.3%
higher than in Odesa (5.35 kWh per hour), where the highest
ambient temperatures are observed, but the relative humidity is
higher.

A field experiment was conducted using a remote monitor-
ing system, which collected information on the efficiency of us-
ing adiabatic technologies. Two identical industrial refrigerating
units were selected for observation, one of which was equipped
with a cooling system. The refrigerating units were installed on
the same site and operated with the same parameters for one re-
frigerating chamber. It was determined that when using adia-
batic technologies, the mass flow rate of the refrigerant is re-
duced while ensuring the same cooling capacity, which in turn
leads to a decrease in the load on the compressor. Accordingly,
the speed of the compressor motor decreases, which in turn leads
to a decrease in energy consumption by 15-20%.

The higher the outdoor temperatures, the lower the humidity,
and the longer the warm period, the higher the effectiveness of
this technology. Given global climate change leading to an in-
crease in annual temperatures, water evaporation technologies
have high prospects for wider application.
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