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INTRODUCTION

International Competition of Student Scientific Works “Black Sea Science” has
been held annually since 2018 at the initiative of Odesa National University of
Technology (formerly Odesa National Academy of Food Technologies) with the
support of the Ministry of Education and Science of Ukraine. It has been supported by
Black Sea Universities Network (the Association of 110 higher education institutions
from 12 countries of the Black Sea Region) since 2019, and by Iseki-FOOD
Association (European Integrating Food Science and Engineering Knowledge into the
Food Chain Association) since 2020.

The goal of the competition is to expand international relations and attract
students to research activities. It is held in the following fields:

. Food science and technologies

. Economics and administration

. Information technologies, automation and rebotics
. Power engineering and energy efficiency

. Ecology and environmental protection

The jury includes both Ukrainian and foteign scientists. In the 4 years that the
competition has been held, the jury included scientists frem universities of 24
countries: Angola, Azerbaijan, Benin, Bulgaria, China, €zech Republic, France,
Georgia, Germany, Greece, Israel, Italy, Kazakhstan, lzatvia, Lithuania, Moldova,
Pakistan, Poland, Romania, Serbia, Slovakia, Switzerland, Turkey, USA.

At the same time, every year the geography has expanded and the number of
foreign jury members has increased: from46 jury members representing 25 universities
from 12 countries in 2018,£0'73 jury members of the 46 universities from 19 countries
in 2022.

More than a thousandsstudent research papers have been submitted to the
competition from both Ukrainian and foreign institutions from 25 countries: China,
Poland, Mexico, USA, France, Greece, Germany, Canada, Costa Rica, Brazil, India,
Pakistan, Israel, Macedonia, Lithuania, Latvia, Slovakia, Romania, Kyrgyzstan,
Kazakhstan, Bulgaria, Moldova, Georgia, Turkey, Serbia.

The'interest of foreign students in the competition grew every year. In 2018, the
students representing 15 institutions from 7 countries have submitted 33 works. In 2021
the mumber of submitted works increased to 73, authored by the students of 40
institutions from 18 countries.

The competition is held in two stages. In the first stage, student research papers
are reviewed by members of the jury who are experts in the relevant fields. In the
second stage of the competition, the winners of the first stage have the opportunity to
present their work to a wide audience in person or online.

All participants of the competition and their scientific supervisors are awarded
appropriate certificates, and the scientific works of the winners are included in the
electronic proceedings of the competition. Every year the competition receives a large
number of positive responses from Ukrainian and foreign colleagues with the desire to
participate in the coming years.
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IMPROVEMENT OF THE REFRIGERATION SYSTEM WITH
RADIATIVE COOLING AND COMBINED CONDENSATION

Author: Aleshchenko Mikhail
Adyvisor: Tsoy Alexander
Almaty Technological University (Kazakhstan)

Abstract. In this paper I will describe how, for what purposes and what is the
most effective way to use solar radiation. As well as I will report allidata on the
benefits, harms and costs of this project. This paper will provide evidence of the
effectiveness of the project, practical calculations and application i a real
environment. In addition to all this, [ will show you schematics of workinginstallations.
Iwill explain, show and tell you everything

Keywords: Radiation cooling, condensers, freonsy) table data, installation
diagrams

1.Introduction.

Greetings colleagues. Due to the deplorable state of the environment and the
significant shortage of resources and electricity, we propoese a system by which
refrigeration chambers can be cooled by means of renewable energy sources, namely
by means of solar radiation

Radiation cooling: Lowering the temperature of the earth's surface and objects
by means of thermal radiation (i.e. temperature or thermal radiation) in the ultraviolet,
visible, and infrared wavelength ranges. It is realized, as a rule, in quiet clear nights in
the absence of other significant heat exchange'processes in the atmosphere (turbulent
heat transfer, heat exchange of water phase transitions) and in the absence (or lack in
the daytime hours in winter) of solarradiation inflow. At the same time, the expenditure
part of the radiationwbalance of the atmosphere - radiation of the Earth's surface
(objects) and the atmosphereitself - becomes the prevailing value in this balance and
leads to the fact that.the temperature of the surfaces of objects on the ground and the
ground dreps below the temperature of the nearby layer of ambient air.

2. Selection of the main possible scenarios of application of refrigeration
systems

Considering the uses of radiation cooling, the following classification of
refrigeration systems can be proposed:

1) By cooled substance:

a) with a liquid coolant used directly for heat removal;

b) with a liquid coolant used for removal of condensation heat

c) with refrigerant;

d) using air as the heat transfer medium.

Figure 1 shows an example of a cooling system in which radiation cooling is
used to cool the intermediate coolant, and further use it to lower the temperature of
the cooled object. The disadvantage of such systems is the high cost of the system,
due to the large amount of coolant in the system, a large accumulator of cold.
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The cooled coolant circulating throughout the night through the radiator 1, is
accumulated in the cold accumulator 2, and then used to cool the chamber.

1 - radiator; 2 - cold accumulator;'3 - pump;
4 - cooling chamber; 5 - heat exchanger
Figure 1 - The simplest scheme of the night-time radiation cooling system

Figure 2 shows a system with an intermediate eeolant in which the coolant cooled

by the radiator is used to reduce the condensing pressure and the energy input of the
chiller.
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Figure 2 - Nighttime radiation cooling scheme used to reduce condensing
pressure

The idea of removal of condensation heat from steam compression refrigeration
machine at the expense of radiation cooling is advanced in the invention [18]. The
works suggest application of combined cooling of power units [19]-[20].
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If the radiation cooling is not enough for cooling to the desired temperature, the
cold accumulator can also store the cold created by the chiller, or it is possible to use
the chiller to cool the room directly [21].

An example of a refrigeration system in which the RO is used to condense the
refrigerant in the intermediate condenser of a refrigeration machine and perform a cycle
with natural circulation is shown in Fig. 3.

DR - throttling device; I - evaporator; R - radiator;
C1...C3 - solenoid valves; KM =.compressor
Fig. 3 - Scheme of refrigeration system with natural eirculation of the refrigerant
due to radiation cooling

In this case, it is proposed to refuse a separate circuit of coolant circulation and
cool directly in the radiator of the refrigerant.

Systems for air conditioning, in which the cooled air circulates directly through
the radiator have disadvantages: high 'metal intensity of radiators, significant volumes
of air ducts, large occupied.areas, because thesheat transfer from the air flow is much
less than from the liquidflow. In this case, in such systems there is no risk of loss of
coolant, they are the most,simplé‘and reliable.

According tosthe method of circulation of the coolant can be distinguished
systems:

1) With forced circulation, as a result of pumping by a pump, compressor or fan;

2) With natural circulation, as a result of natural convection due to temperature
differences.

According to the priority of the cooling method, it is possible to divide systems in
which:

I) RO is used as the main source of cooling;

2) RO.is an additional source of cold to the main refrigeration machine.

Classification of methods of application of refrigeration supply systems with the
use of RH, the main of which are: air conditioning, refrigeration of fruit and vegetable
storages; storage of refrigerated products.

Table 1 with a comparison of refrigeration systems and methods of their
application is compiled.
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Table 1 - Comparison of refrigeration systems

o

Z
Referenc

System name

Cold
accumulator

Circulation of
the working
substance

Area of
application

1| [22]

Refrigeration system with
pumped circulation of
coolant through radiators
with cold accumulator

Yes

Pumping

Water cooling

2 | 23]

System of natural water
circulation through the
panel in the form of a
thermosiphon

Yes

Natural

Water cooling

3| 121]

Hybrid air conditioning
system using phase
transition materials

Yes

Pumping

Airconditioning
and heating

4 | [24]

Cooling system with air
circulation in a duct heat
exchanger

By fan

Air Conditioning

5 | [25]

Cooling system with open
water circulation circuit

Yes

Pumping

Water cooling

6 | [26]

Refrigeration system with
pumped circulation of
coolant through radiators
(three different designs)

Yes

Pumping

Air Conditioning

7 | 27]

Refrigeration system with
pumped circulation of
coolant through
polyphenylene oxide resin
radiators

Yes

Pumping

Air Conditioning

8 | [28]

Daytime radiation cooling
system ausing spectral-
selective surfaces

Natural

Air Conditioning

Refrigeration system with
pumped ecirculation of
coolant through radiators,
cold accumulator for
cooling condenser of
refrigeration machine

Yes

Pumping

Refrigeration
machine
condenser cooling

10 | [29]

Daytime cooling system,
with pumped water
circulation through

radiators

Yes

Pumping

Air conditioning,
getting cold water

Modeling of operation of the refrigeration system with condensation heat removal
The climate of Kazakhstan is continental. Here, in many regions, daytime
atmospheric air temperatures can reach 35°C and higher in summer. In southern and
western regions, given the influence of solar radiation, surface air temperature can
regularly rise to 40 ... 45 ° C. Such high temperatures may affect the operation of steam-
compression refrigeration machines with air-cooled condensers [30]. In them, in the
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daytime, the condensation temperature can rise up to 55 ... 60°C. Such a high
condensation temperature reaches the limit value for the existing models of
compressors. As a result, the refrigeration machines can be switched off by the safety
automatics or will work in inadmissible temperature modes, which will reduce their
service life. Also in these conditions, refrigeration machines consume a relatively large
amount of electricity.

In this connection, the urgent task is to find ways to reduce condensation
temperature. Traditionally, evaporative condensers or condensers with adiabatic
cooling of incoming air flow are used to solve the above task. However, both of these
solutions require an additional constant flow of clean fresh water. In many regions fresh
water can be a scarce resource [31]. Given the unfavorable forecast of reduction of
available fresh water in Kazakhstan in the next decades [32], the use of fresh water for
cooling condensers of refrigeration machines cannot be a secommended universal
solution. In this connection it is necessary to consider other ways of condensation
temperature reduction without use of fresh water.

In this section of the paper the use of radiation cooling foricondensation heat
removal is investigated. Radiation cooling can be Usediat night to create a reserve of
cooled coolant. This coolant in the daytime at hours with the highest atmospheric air
temperature is directed to the condenser, where it takes the condensation heat of the
steam-compression refrigeration machine. In this case, it can'be used to remove all of
the condensation heat or only part of it#This reduces the.condensation temperature and
the energy consumption of the compressor.

Since the coolant (fresh water) will circulate through a closed hydraulic circuit,
its losses during the annual operating, cycle of the refrigeration system will be
negligible.

Objective: to investigate the possibility of using radiation cooling for removal of
condensation heat of a“steam-cemptession refrigeration machine.

Objectives:

1) To develop a technical, and economic mathematical model of refrigeration
system with gondensation heat removal;

2) To determine optimal parameters of refrigeration system having the shortest
payback period.

Subject of research possesses novelty, as previously only general principle
schemes of'systems of this type were presented without their detailed research [15].

3.1 Principle diagram under study

Figure 4 shows a schematic diagram of a refrigeration system in which the
condensation heat of a steam-compression refrigeration machine (SCRM) is removed
at the expense of radiation cooling.
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AX
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‘ KBO
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AX - cold accumulator; B - air cooler; JIP ~throttling device;
KHE - air-cooled condenser; LCC - liquid-cooled eondenser;
KM - compressor; H1 - pump supplying coolant to radiator;
H2 - pump, supplying coolant to RCC; P - radiator
Figure 4 - Schematic diagram/of the refrigeration system

The system works as follows. At nightitime the pump H1 switches on. It takes the
coolant from the coolant accumulator;and pumps it through the radiator P. The coolant
is cooled, and then returns to the coolant accumulator AX. At this time the SCRM
operates with air cooling condenser: compressor KM is on, fan KVO is on, fan of air
cooler BO is on.

In the daytime (after sunrise) the H1 pump is switched off. In the period when
the atmospheric air temperature becomes high enough, pump H2 is switched on. It
takes the cooled coolant fromsthe cool accumulator AX and conveys it to the
condenser of liquid cooling CIC. Here the coolant removes heat from the condensing
refrigerant andsheats itself. Afterthat, the coolant returns to the AH accumulator.
During this period SCRM remains switched on: KM compressor is on, KBO fan is
on, B air.€ooler fan is on.

Rated cooling capacity of the system under consideration is 10 kW.

Characteristics of the main elements and the developed mathematical model of
the refrigeration system are presented in appendix B. The mathematical model is based
on the“method ‘of solving thermal balance of its elements and estimating the
thermodynamic cycle of a refrigerating machine, and makes it possible to select the
main elements of the refrigerating system, to determine their estimated cost and
consumed electric power.

3.2 Results of modeling

Let us model operation of a refrigeration system for given values of a rated
temperature head at SCC AtKZHO.nom (2,5...7,5 K), duration of use of a coolant from
the coolant accumulator for SCC cooling tah (1...12 hours), temperature change in the
coolant accumulator per cycle Atah (2...12 K).
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Let us compare the results of modeling with the results of modeling of an ordinary
refrigerating machine with air-cooled condenser. This common SCRM operates on
refrigerant R404, has the same dependence of compressor refrigerating factor on
condensing temperature, its nominal discharge in air-cooled condenser is 10°C, refrigerant
boiling point is -10°C. Its mathematical model is also presented in appendix B.

Assuming that the radiators can be used to dissipate condensing heat throughout
the summer (about 90 days per year), extremely long payback periods for the system
are obtained.

In the proposed range of changeable parameters, the energy consumption of the
system with condensation heat extraction is 88.1...99.1 % of the energy consumption
of an ordinary SCRM. lL.e., removal of condensation heat in all cases leadsto energy
saving (by 11.9% at most). The indicated level of energy saving is lower than that
indicated in [15] (up to 21%).

In the proposed range of changeable parameters, the ¢ost of additional.elements
of the refrigeration system (cold accumulator, radiators, ‘pumps, liquid-cooling
condenser) is from 1492.7 to 22 842 USD.

Proceeding from the condition of minimizing the payback period'we have:

1) optimal duration of liquid cooling condenser operation is 5...6 hours.

2) area of a liquid-cooling condenser shall'be taken as ' maximally possible on the
assumption, that temperature head on it will make 2,5 ... 5 °C.

3) Changing of temperature in the accumulator of cold during a day should be
accepted as maximally possible at the level of about 10°C.

Table 2 - Characteristics of the system at the optimum value of the parameters to

be changed
Parameter Measurement
Ne unit. Meaning
1 | Liquid coolingeondenser area M2 2.26
5 | Weight oficold accumulator kg 5290
3 | Heatsinkarea M2 84
4 | Volumeflow of pump Hl m3/h 1,93
5 Volume flow,of pump H2 m3/h 13,73
6 | Emergy consumption of the system per day kWh 115,7
7 Liquid egoling condenser cost USD 755
g | The cost of the accumulator of cold UsSDh 831.8
9 | The cost of the cooler USD 3815.,6
10 | Costof HI pump UsDh 628.2
11 | Cost of pump H2 USD USD 86.1
12 | Cost of all additional elements of the system USD USD 6116,7
13 | Payback time years 260.7
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The payback period of the refrigeration system should have a value of no more
than 10 years, due to the planned service life of the system components. So that the
proposed system with condensation heat extraction could pay for itself within the
allotted period if the cost of electricity was 25 times higher than the current value.

At optimal parameters (At (KJO.nom)=2,5°C; tah=5 hours; Atah = 10°C) we
have the system characteristics presented in table 2.

3.3 Drainage of all condensation heat into the RAC

The FHE fan during its operation consumes additional energy. If it'is switched
off, the amount of heat entering the cold accumulator will increase. Consequently, the
mass of the cold accumulator must increase, which will increase the cost of the system.
The area of the FHE will also need to be increased. The flow rate of'the coolant through
the FLC, and the power consumed by the H2 pump will increase.

With optimum values of variable parameters, obtained.@atlier, and deactivation of
the FHE during CWC operation, we obtain parameters according,to Table 3.

Table 3 - Parameters of the system, if the BHE 18 on, when the EWC is running,
and if the BHE is off, when the LWC is running

Parameter Measurement | EHE is‘on EHE:is off Modified.
No unit.
1 | Liquid cooling condenser area M2 295 2.75 LI
> | Weight of cold accumulator kg 4808 5863 LI
3 Heat sink area M2 76 93 122%
4 | Volume flow of pump H1 m3/h 13,74 16,75 1229,
5 | Volume flow of pumpH2 m3/h 1,92 2.36 1239,
Energy consumptionof the'system | kWh
6 | per day 115,72 112,82 -2,6%
7 Liquid ceoling condenser cost USD 755 863 +14%
g | Theeost of the accumulator of cold | USD 831 1018 122%
9 The cost of the cooler USD 3815 4653 122%
10 | Cost of H1 pump USD 628.2 682.,9 +9%,
11 | Cost of pump H2 USD USD 86,1 140,8 163%
Cost of all additional elements of USD USD
13 | Payback time years 260,7 222.1 -17%

From a practical point of view, an increase in the area of the liquid-cooled
condenser, an increase in the weight of the refrigerant accumulator, an increase in the
volume flow of the pumps can be considered insignificant. Total cost of additional
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elements of the refrigeration system will increase by 20%. However, the payback
period of the system will decrease by 17%.

From this it can be concluded that the system should be designed in such a way
that the CWC takes all the condensation heat during the daytime and the air-cooled
condenser is disconnected at the same time.

3.4 Comparison of refrigerants R134a and R404a

When using R134a refrigerant, a compressor with a volumetric capacity of 32.48
m3/h is required. When using R404 refrigerant, the required compressor volumetric
capacity is only 16,24 m3/hour. At that, when using hermetic Danfoss compressors at
condensation temperature within the range of +30...+40°N with R134a refrigerant,
there is no increase of energy effectiveness as compared to R404a refrigerant.

In a system with condensation heat removal due to RO, condensation temperature
will always be lower than +40°C. Therefore, in case of using hermetic compressor,
R134a refrigerant is not advisable to use in the system with condensation heat removal
due to radiation cooling.

While using piston semi-hermetic compressors wof Bitzer 2CES and 4CES,
refrigerating factor of R134a will be 6% higher than that of R404a. However, for R134a
refrigerant, it requires almost a twofold increaseiin compressor volumetric capacity.
Because of this, the compressor in the system on R134a refrigerant will be much more
expensive (by 50...60%). It will also be'necessary to inerease the area of condenser of
liquid cooling. Also in this case, energy savings per day will be only 3,6 %. As a result,
the payback period of the refrigeration system will increase by 2.1 times.
Consequently, using RO for condensation heat removal in the system with the
refrigerant R134a is less profitable than inthessystem with the refrigerant R404a.

4. Conclusions

There has been"made @ computer modeling of a refrigeration system operation
with a condensation heat removal at the expense of RH under summer climate
conditions ingShymkent city. It 1s established that the peak condensation temperature
in the daytime can be reduced to 32.5 ° C instead of 46 ° C when using an air-cooled
condenser.

The shortest payback period of the developed system is observed when the
temperature in the refrigeration accumulator during a day changes to 10°C, the
temperature head at the liquid cooling condenser is 2.5°C and the duration of operation
of the liquid cooling condenser during a day is equal to 5 hours.

At an optimum value of the system's variable parameters, the daily power
consumption of the system is reduced by 5.8% compared with an ordinary PCCM, and
the cost of the additional elements of the system (cold accumulator, pumps, radiators)
is about 8076 USD. At the current level of electric power tariffs, the specified level of
energy saving does not provide payback of a refrigeration system with condensation
heat removal at the expense of RO in a reasonable time. Therefore, the proposed system
can be recommended to be used only for reduction of risk of emergency shutdown of
a refrigerating machine in the daytime at maximum temperature of atmospheric air on
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objects, where there are no available sources of fresh water, suitable for cooling of
evaporative condensers.

Long payback period of the system is due to the high cost of radiators (about 50
USD/m2) and cold accumulator.

It is also found that the air-cooled condenser fan should be turned off when the
liquid-cooled condenser is running, as this will reduce the energy consumption and
payback period of the system. At the same time, the liquid-cooling condenser must
discharge all of the refrigerant condensation heat into the refrigerant accumulator.

Using of condensation heat removal scheme from the economic point of view is
more reasonable in the systems operating on R404a refrigerant. If R134a refrigerant is
charged into the system, payback period of condensation heat transfer scheme is
considerably prolonged (2,1 times).

In future it is necessary to study a possibility of using radiators with selective
covering of the radiating surface [29], which can provide its twenty-four-hour
operation and also make it possible to reduce the mass of a cold accumulator.
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