Ministry of Education and Science of Ukraine
Black Sea Universities Network

ODESA NATIONAL
UNIVERSITY OF TECHNOLOGY

International Oompeﬂﬂon of
S’fudem‘ Sclen’rlflc Works.,,

scn ENCE 30228
PKOO -PINGS

"0 g4 S}IIOMQ‘_W S

OPESA, ONUT 2022



Ministry of Education and Science of Ukraine
Black Sea Universities Network

Odesa National University of Technology

International Competition of Student Scientific Works

BLACK m@%ozz

Odesa, ONUT 2022



UDC 001.8(063)

Editorial board:

Prof. B. Iegorov, D.Sc., Professor, Rector of the Odesa National University of
Technology, Editor-in-chief

Prof. M. Mardar, D.Sc., Professor, Vice-Rector for Scientific and Pedagogical
Work and International Relations, Editor-in-chief

Dr. 1. Solonytska, Ph.D., Associate Professor, Director ef the M.V. Lemonosov
Technological Institute of Food Industry, Head of the jury of .«Food Science and
Technologies»

Dr. Yu. Melnyk, D.Sc., Associate Professor, Director of the G.E. Weinstein
Institute of Applied Economics and Management, Head ofthe jury of «Economics and
Administrationy

Dr. S. Kotlyk, Ph.D., Associate Professor, \Director of the P.M. Platonov
Educational-Scientific Institute of Computer Systemssand Technologies “Industry
4.0”, Head of the jury of «Information Technologies, Automation and Robotics»

Prof. O. Titlov, D.Sc., Professor, Head of the Department of Oil and Gas
Technologies, Engineering and Heat Power Engineering, Head of the jury of «Power
Engineering and Energy Efficiency»

Prof. G. Krusiry D.Sc., Professor, Head of the Department of Ecology and
Environmental Protection, Technologies, Head of the jury of «Ecology and
Environmental Protection»

Dr. V. Kozhevnikova, Ph.D., Associate Professor, of the Department of Hotel
and Catering/Business, Technical Editor

Black Sea Science 2022: Proceedings of the International Competition of
Student Scientifiec Works / Odesa National University of Technology; B. legorov, M.
Mardar (editors-in-chief) [ef al.]. — Odesa: ONUT, 2022. — 749 p.

Proceedings of International Competition of Student Scientific Works «Black Sea Science
2022» contain the works of winners of the competition.
The author of the work is responsible for the accuracy of the information.

Odesa National University of Technology, 2022.



Organizing committee:

Prof. Bogdan legorov, D.Sc., Rector of Odesa National University of
Technology, Head of the Committee

Prof. Maryna Mardar, D.Sc., Vice-Rector for Scientific and Pedagogical Work
and International Relations of Odesa National University of Technology, Deputy Head
of the Committee

Prof. Baurzhan Nurakhmetov, D.Sc., First Vice-Rector of Almaty
Technological University (Kazakhstan)

Prof. Michael Zinigrad, D.Sc., Rector of Ariel University (Israel)

Prof. Plamen Kangalov, Ph.D., Vice-Rector for AcademicfAffairs of “Angel
Kanchev” University of Ruse (Bulgaria)

Prof. Heinz Leuenberger, Ph.D., Professor of the Institute of Ecopreneurship
of University of Applied Sciences and Arts (Switzerland)

Prof. Edward Pospiech, Dr. habil., Professor of the Institute of Meat
Technology of Poznan University of Life Sciences (Poland)

Prof. Lali Elanidze, Ph.D., Professor of the Faculty of Agrarian Sciences of
Iakob Gogebashvili Telavi State University (Georgia)

Dr. Dan-Marius Voicilas, Ph.D., Associate’ Professor of the Institute of
Agrarian Economics of Romanian Academy.(Romania)

Prof. Stefan Dragoev, D.Sc., Vice-Rector for Seientific Work and Business
Partnerships of University of Food Technologies (Bulgaria)

Prof. Jacek Wrobel, Dr. habil.,, Rector of West Pomeranian University of
Technology (Poland)

Dr. Mei Lehe, PhiD: Vice-President of Ningbo Institute of Technology,
Zhejiang University (China)

Dr. V. Kozheynikeva, Ph.D.; Associate Professor of the Department of Hotel and
Catering Business’of *Odesa,National University of Technology, Secretary of the
Committee



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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ENERGY EFFICIENT CIRCUIT SOLUTIONS
FOR LOW-TEMPERATURE REFRIGERATION MACHINES BASED ON
ENVIRONMENTALLY FRIENDLY REFRIGERANTS

Author: Daniil Pylypenko
Adyvisors: Viktor Kozin
Sumy State University (Ukraine)

Abstract. Modern refrigeration equipment and technology has two trends:
energy efficiency and strict environmental requirements for substances used as
refrigerants. Energy efficiency requires the use of refrigeration cycles that have
minimal irreversible energy losses and are as close as possible to the Carnot cycle.
This is especially true for low-temperature refrigeration machines, where to implement
the cycle it is necessary to overcome a significant pressure drop. In the field of low-
temperature refrigeration technology, energy-efficient solutions based on two- and
multi-stage, as well as cascade refrigeration machines are used. A comparison of their
effectiveness in terms of COP is presented in this paper.

The environmental aspect of the problem today is solved through the use of
natural and some artificial refrigerants, and is assessed primarily by LCCP, GWP and
ODP. The paper considers refrigeration cycles based on R717, as well as its
combinations with R23, R290, R744 and R32, used in the lower stage. For comparison,
the result of the COP calculation using the base ozone-depleting refrigerant for the
lower stage, which is R13, is presented.

The paper also analyzes the influence of the choice of the intermediate
temperature of the phase transition in the evaporator-condenser on the energy
efficiency of the cycle for the ratio of refrigerants of the upper and lower stages, which
has the highest energy efficiency.

The practical significance of the work is to provide guidelines for further
experimental studies of energy efficient solutions of low-temperature refrigeration
machines.

Keywords: thermal calculation, refrigeration machine, COP, cascade cycle.

I. INTRODUCTION

Artificial cold has become one of the main indicators of the level of technical and
cultural development of any country. The current stage of development of the refrigeration
industry is characterized by the widest use of cold in all sectors of the economy. In fact,
there are no industries where the cold is not used. [1] Many technological processes
require the use of low temperatures (not higher than —40 °C), which can be created and
maintained by low-temperature refrigeration machines. At the same time, they must have
high energy efficiency, which is not achieved by using conventional single-stage steam
compression refrigeration machines (SCRM). Therefore, it is necessary to apply other
circuit solutions, among which are multistage and cascade refrigeration machines. It is
necessary to address the issue of choice as the scheme itself.

However, since the Vienna Convention for the Conservation of the Ozone Layer
in 1985, the Montreal Protocol on Substances that Deplete the Earth's Ozone Layer
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(1987), and including subsequent agreements in London, Copenhagen, Vienna and
Montreal, a large Earth's stratosphere ozone conservation program, aimed primarily at
creating refrigerants, alternatives to ozone-hazardous, new types of refrigeration
equipment, polymers, aerosols, fire extinguishers, etc.

Therefore, in addition to energy efficiency, modern refrigeration machines are
also subject to strict environmental safety requirements, which are assessed by
indicators such as ODP and GWP. Currently, the use of natural refrigerants (ammonia,
carbon dioxide) and refrigerants that do not contain chlorine atoms in their molecule is
promising. Hydrocarbons, components of natural gas, have become especially popular
nowadays. These are propane, butane, pentane and their isomers. Research work is
devoted to these topical issues.

II. LITERATURE ANALYSIS

2.1. Circuit solutions for low-temperature refrigerators and evaluation of
their efficiency

Obtaining low temperatures (below —25 °C) requires the use of special
refrigeration machines based on two- and multi<stage, as well as cascade cycles. This
is due to a significant reduction in the feed rate of the compressor and a significant
increase in its size, rising temperature of the refrigerant and oil, which can cause the
formation of a deposit on the inner surface of the compressor cylinder, as well as
spontaneous combustion, self-decomposition of'@il. Possible modes of operation when
the refrigerant compression can get wet steam and hydraulic shock, to prevent this
create significant overheating of the refrigerant on suction into the compressor, which
leads to additional irreversible energy losswduring its supply at low temperatures.
Another negative circumstance of the low-temperature cycle using a single-stage
refrigeration machine.or €ircuitsolutions with parallel throttling is to obtain a relatively
high degree of dryness of steam after throttling to boiling pressure, which further
requires more mass consumption of refrigerant in the first and subsequent stages. All
these factors negatively affect the energy efficiency of the cycle, which is estimated by
the coefficient of thermal transformation COP.

Energy-efficient circuit solutions must include full use of two- and multi-stage
refrigeration eircuits with full interstage refrigerant cooling, which is realized in
intermediate vessels, maximum use of ambient cold, minimal overheating of the
refrigerant on suction in the first stage of the compressor, creation of the maximum
supercooling of the refrigerant after the condenser, use of serial throttling, etc. Most of
these requirements are met by a two-stage refrigeration cycle with complete
intermediate cooling and sequential throttling. However, the implementation of such a
circuit solution is complicated by the problem of separating the oil from the
intermediate vessel, which gets there after the first stage compressor and through the
throttle valve to the evaporator, significantly reducing the refrigeration capacity of the
refrigerator. The solution to this problem was the use of automatic control and
management devices or other less energy efficient but more reliable circuit solution
using parallel throttle and coil in the intermediate vessel, shown in Fig. 1 and 2.
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Fig. 1. Schematic diagram of a two-stage SCRM with a coil intermediate vessel:
LPC — low pressure compressor (first stage); HPC — high pressure compiressor
(second stage); HE — heat exchanger; IV — intermediate vessel; C — condenser;
TV1, TV2 — throttle valves; E — evaporator; CP ~ coil pipe

Fig. 2. Theoretical cycle of atwo-stage SCRM with a coil intermediate vessel in 7—
s and p—h diagramssps, T (t;) — boiling pressure and temperature;
P, T (t.) —condensing pressure and temperature;
pi T; (1)) = pressure.and temperature in the intermediate vessel

Studiesishow that such a refrigeration machine has one of the best energy
efficiency compared to other two-stage schemes and when ammonia is used as a
refrigerant. Thisisiensured by the implementation of complete intermediate cooling of
the refrigerant on'the suction in the second stage of the compressor, as well as more
complete supercooling of condensate in the intermediate vessel in combination with
parallel throttling.

Another way to increase the energy efficiency of the low-temperature
refrigeration cycle is the use of cascade circuits. The most widespread schemes
consisting of two cascades: upper and lower. In fact, the cascade cycle combines two
single-stage steam compression refrigeration machines. The lower and upper cascades
interact through a special heat exchanger called an evaporator-condenser.
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In the case of the use of CFCs in one of the cascades, a circuit solution with a
regenerative heat exchanger is used, and in the case of the use of ammonia, a circuit
with a subcooler is used.

Theoretical cycle of a cascade SCRM in p—A diagram of submissions on Fig. 3.
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When calculating the cycle of the lower caseade, we assume that it is formed by a
more energy-efficient scheme SCRM with RHE. When calculating the cycle of the
upper cascade, we assume that it is formed by the cycle SCRM with subcooler, because
the refrigerant in it is ammenia (R717).

When using.a cascade eycle, two problems arise, which are investigated in this
work, namely:the choice of refrigerant for the lower and upper cascade, as well as the
choice of intermediate phase transition temperature in the condenser-evaporator.

Comparison of energy efficiency of cycles was performed by calculating the
coefficient of thermal transformation COP. This value was determined by the following
dependences; expressed in terms of specific values:

— two-stage steam-compression refrigeration machine with a coil intermediate

vessel
cop=—2% (1)
Nppct+Nppc
COP=—— 2
LPCY o5, oo (HPC
COP = — 20—, (22)
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where QO — refrigeration capacity of the cycle, W;
N, —high pressure compressor power, W;

N, p- — low pressure compressor power, W;

qo = hy — hg — specific mass refrigeration capacity, kJ/kg;

lipc = hy — hy — specific mass work of the low pressure compressor, kJ/kg;
lypc = hs — hy — specific mass work of the high pressure compressor, kJ/kg;
Mpypc — mass consumption of refrigerant in the high pressure compressor, kJ/kg;
m; pc — mass consumption of refrigerant in the low pressure compressor, kJ/kg.

— cascade refrigeration machine

cop——% 3)
a™t NCU
COP = (ZOL , (4)
lCL + < 'ZCU
You

where N, — lower cascade compressor power, W;

N, — upper cascade compressor power, W;

lcy = hyy — hyy — specific mass work of the upper cascade compressor, kl/kg;

lci, = hyp — hqp — specific mass work of'the lower cascade compressor, kJ/kg;

Qou = hiy — hgy = specific mass refrigeration capacity of the upper cascade,
kJ/kg;

Qo = hep —As;— specific mass refrigeration capacity of the lower cascade,
kJ/kg;

qc. = hg; — hap— specific mass heat load of the lower cascade condenser, kJ/kg.

2]

2.2. Refrigerators and their properties

In addition to,energy efficiency, modern refrigeration machines are also subject
to strict environmental safety requirements, which are assessed by indicators such as
LCCP, ODP.and GWP. Currently, the use of natural refrigerants (ammonia, carbon
dioxide) and refrigerants that do not contain chlorine atoms in their molecule is
promising. Hydrocarbons, components of natural gas, have become especially popular
nowadays. These are propane, butane, pentane and their isomers. Research work is
devoted to these topical issues.

In the work the refrigerants have basic indicators, including ecological, which are
given in Tab. 1.
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Tab. 1. Characteristics of refrigerants considered in [2—4]

Critical parameters o
Normal =
i i S| &
No | Symbol themwal pressure temperature b01l‘1ng ODP | GWP | LCCP § &2
ormula Do : o point o] B
Mlla o ty,°C g =
@)
1 R717 NH3 11,333 132.2 -33.3 0 0 025 | + | +
2 R13 CCIF; 3,879 28.8 —81.5 1,0 |14400| 130, | — | +
3 R23 CHF; 4,832 26.1 —82.0 10,0004 | 14310 270 | — | —
4 R290 CsHs 4,251 96.7 —42.1 0 20 0,041 | + | —
5 R744 CO2 7,377 31.0 —78.4 0 1 120 — | -
6 R32 CHxF» 5,782 78.1 -51.6 0 670 4.9 + | +
T

: Among those listed in Tab. 1 refrigerants special attention is paid to natural
refrigerants, namely: ammonia (R717), propane R290) and carbenydioxide (R744) as
the most environmentally friendly.

Given the fact that the work involves the study of energy efficiency of an
industrial design of a refrigeration machine, ie, one/with an_average refrigeration
capacity (at least 15 kW), as well as taking “into account good environmental
performance, based on refrigerant R747. In addition to environmental friendliness,
ammonia has a number of advantages:

— low cost, which provides relatively low capital costs for the purchase and
maintenance of refrigeration;

—high intensity of heat transfer in the'deviees, which provides a relatively small size;

— high density, which ensures the use of smaller diameters of pipelines;

— high specific heatiof condensation (evaporation), which allows to ensure the
lowest consumption of refrigerant in the cycle;

— low threshold of odor evaporation, which allows you to detect even the smallest
leaks of refrigerant, even without the use of special equipment (current detectors).

The disadvantages of using ammonia as a refrigerant include its toxicity and
flammability. However, with the observance of safety and labor protection measures,
as well as thesautomation of the refrigeration machine, their harmful effects can be
significantly reduced or even eliminated.

ILI. OBJECT, SUBJECT, AND METHODS OF RESEARCH

The aim of the research is to analyze the existing circuit solutions of low-
temperature refrigeration machines and the impact of the properties of refrigerants on
the environmental safety and energy efficiency of the refrigeration cycle.

To achieve this goal, the following tasks are formulated and solved:

— analysis of existing circuit solutions of low-temperature refrigeration
machines;

— analysis of the impact of refrigerant properties on environmental safety and
energy efficiency of the refrigeration cycle;

— development of recommendations for the calculation of the cascade
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refrigeration cycle.

The objects of research are circuit solutions of cycles of low-temperature
refrigeration machines and properties of refrigerants used in such cycles.

The subject of research is the energy efficiency of low-temperature refrigeration
machine and the impact on it of the schematic diagram and thermodynamic and
environmental properties of the refrigerant.

In solving the tasks such methods were used as: analysis of scientific and
technical information, mathematical modeling using specialized software products
(Refprop, Coolpack).

IV. RESULTS

4.1. Initial parameters and assumptions
Investigate the influence of the circuit solution of lew-temperature SCRM of
medium refrigeration capacity and the choice of refrigerant on the energy efficiency of
the cycle (coefficient of thermal transformation COP):
For all cases ask:

— boiling point?, =—45 °C;

— condensation temperature (upper circuit for €ascade refrigeration machines)
l =45°C ;

— theoretical cycle (relative internal efficieney of the compressor7], =1; there are

no pressure losses in the devices;

— heat loss to the environment from appliances and other elements of the
refrigeration machine are absent).

For cascade refrigeration machine, the condensing temperature of the refrigerant

of the lower circuit of the eascade refrigeration machine?, =0 °C.

Consider cycles and caleulate the coefficient of thermal transformation COP :
a) two-stage SCRMywith a coil intermediate vessel; refrigerant R717;

overhéating on'the suction of the first degree AY,, =5 °C;
b) cascade RMyv for all cases —the upper cascade of SCRM with subcooler;
refrigerant R717y hypothermia in the subcoolerAf, =5°C; overheating on

suction Afy, =5 °C; underrecuperation in the condenser evaporator Afy . =3 °C

b.1) SCRM with regenerative heat exchanger (RHE); lower cascade:
refrigérant R13; overheating on suction Af,, =10 °C;

b.2) SCRM with RHE; lower cascade: refrigerant R23; overheating on
suction Af,, =10 °C;

b.3) SCRM with RHE; lower cascade: refrigerant R290; overheating on
suction Ay, =10 °C;

b.4) SCRM with RHE; lower cascade: refrigerant R744; overheating on
suction Ay, =10 °C;
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b.5) SCRM with RHE; lower cascade: R32 refrigerant; overheating on
suction Ay, =10 °C.
For a cascade refrigeration machine with a maximum COP, investigate the
choice of the optimal condensation temperature of the lower circuit refrigerant 7, .

4.2. Calculation results

a) Two-stage SCRM with a coil intermediate vessel

The calculation scheme and theoretical cycle are shown in Fig. 1 and 2.

The calculation was performed in accordance with the task (see mare section
4.1, item a).

Summary results of calculations are given in Tab. 2.

Tab. 2. Summary calculation’s results of twosstages, SCRM with a coil
intermediate vessel

Parameter T, l, ls Xy COP
Unit of B oC o B B
measurement
Result 5.75 76.6 121 0.134 2.07

Symbols in Tab. 2:
7, =p./ p.=p. /| p, —the degreewof pressure increase in the compressor stage;

t,, t5 —the temperature of the refrigerant after theoretical compression in the first
and second stages of the eompressor;

X, —the degree of drynessiof the refrigerant before the evaporator;

COP - cycle thermal transformation coefficient.

b) Cascade refrigeration machine

The calculation'seheme and theoretical cycle are shown in Fig. 3.

The calculation was performed in accordance with the task (see more section
4.1 dtem b).

Summary results of calculations in accordance with the item b.1 are given in
Tab. 3.

Tab. 3. Summary calculation’s results of cascade refrigeration machine (lower
cascade — R13, upper cascade — R717)

Parameter o r! Ly L Xy, X5, COP
Unlt Of _ _ oC oC _ — —
measurement
Result 4.653 3.895 117 22.6 0.160 0.328 1.80

Symbols in Tab. 3:
7 =p.u! Py T =p., | P, — the degree of pressure increase in the upper and
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lower cascades;

l,,, b — the temperature of the refrigerant after theoretical compression in the
upper and lower cascades;

Xs;r, X5, — the degree of dryness of the refrigerant before the evaporator in the

upper and lower cascades;
COP — cycle thermal transformation coefficient.

Summary results of calculations in accordance with the item b.2 are given in Tab. 4.

Tab. 4. Summary calculation’s results of cascade refrigeration machine (lower
cascade — R23, upper cascade — R717)

U L

Parameter T, T, Ly L, Xy X5, COP
Unit of B _ °oC o N _ —
measurement
Result 4.653 | 4.272 117 41 0.160 | 10.288 1.80

Summary results of calculations in accordance with'the item b.3 are given in Tab. 5.

Tab. 5. Summary calculation’s results’of cascade refrigeration machine (lower
cascade — R290, upper cascade — R717)

Parameter Tl Ve Ly L Xy, X5, CcopP
Unit of B B oC : ) B B B
measurement

Result 4.653 5.326 117 23.8 0.160 | 0.290 2.00
Summary results of ealculations in accordance with the item b.4 are given in Tab. 6.

Tab. 6. Summary caleulation’s results of cascade refrigeration machine (lower
cascade — R744, upper cascade— R717)

Parameter . b Ly L, Xy, X5, COP
Unit of B B o0 oC 3 B B
measurement
Result 4.653 | 4.194 117 63.4 0.160 | 0.260 1.79

Summary results of calculations in accordance with the item b.5 are given in Tab. 7.

Tab. 7. Summary calculation’s results of cascade refrigeration machine (lower
cascade — R32, upper cascade — R717)

U L

Parameter T, T, Ly L, Xy, X5, COP
Unit of B B oC oC B B B
measurement
Result 4.653 5.807 117 66 0.160 | 0.176 1.94

Symbols in Tabs. 47 are the same as Tab. 3.
Therefore, the results of the calculations include the following conclusion: the
best value of the coefficient of thermal transformation was obtained for the ratio of
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refrigerants upper stage R717 lower R290, which was 2.00. However, the value
obtained is lower than the coefficient of thermal transformation obtained in the
calculation of a two-stage refrigeration machine with a coil intermediate vessel, which
was 2.07. In order to improve the COP for the cascade cycle, we investigate the effect
of intermediate temperature (condensing temperature of the refrigerant of the lower
circuit on the value of this parameter).

¢) Modified cascade refrigeration cycle

In this work, calculations of a modified cascade cycle consisting of a€ombination
of a two-stage refrigeration machine with full intermediate cooling, parallel throttling
and a coil in an intermediate vessel in the upper cascade and a single-stage steam-
compression refrigeration machine with regenerative heat exchangervin,the lower
cascade are performed. Ammonia is used as the refrigerant of.thesupper stage, and for
the lower stage we use the refrigerant that received thethighest CPC among the
investigated refrigerants (R13, R23, R290, R744, R32)or the normal cascade cycle
(R290).

This circuit solution has not been described in, the literature. However, its
implementation can theoretically have a better indicator of energy efficiency.

In Fig. 4 and 5 show the schematic diagram of the combined cascade cycle and
its cycle in the p—A diagram.

|'|I":"I:‘I|:l£-"lI P HM’&:;. J ﬁ‘ PEE; i g"_._‘

Sl 44! gl A AL
O8O0 0—,

4 WU

e —
& rimy

N 20
R T
Figure 4 = Schematic diagram of the modified cascade cycle:
the upper cascade is a two-stage SCRM with a coil intermediate vessel, the lower
cascade is a single-stage SCRM with RHE
Symbols for Figure 4: LPCU — low pressure compressor (first stage of the upper
cascade).of the upper stage; HPCU — high pressure compressor (second stage of the
upper cascade) of the upper stage; HEU — heat exchanger of the upper cascade; /V'U —
intermediate Vessel of the upper cascade; C — condenser; TVIU, TV2U — throttle valves
of the upper cascade; CP — coil pipe; TVL — throttle valve of the lower cascade; RHEL
— regenerative heat exchanger of the lower cascade; CL — compressor of the lower
cascade; E — evaporator; E-C — evaporator-condenser

535



POWER ENGINEERING AND ENERGY EFFICIENCY

iy
b

-
I

I+

'_-.-_ -

i

5,
ot
.-:f:.-,:.:-.;
)

o

g

-

Figure 5 — Theoretically modified caseade cycle in p—/ diagram:
pou; By — boiling pressure and temperature of the upper cascade; py, #5; — boiling
pressure and temperature of the lower eascade;p.., f.v — condensing pressure and

temperature of the upper eascade; p.;, ., —eondensing pressure and temperature of
the lower cascade; p;i;, it — pressure and temperature in the intermediate vessel of the
upper cascade

The energy efficiency of thesmodified cascade cycle was determined by full or
specific values in terms of:

Q
COP = > ) Q)
Nrpcu+Nygpcu+NcL
coP = AoL (6)
dcL (l c Jau=hsy c )+lc >
aou \ LPCU T hyy—hey HPCU)TCL

where Q) — refrigeration capacity of the cycle, W;
N, —lower cascade compressor power, W;
N, pery — low pressure compressor power of the upper cascade, W;

N,y — high pressure compressor power of the upper cascade, W;

lipcy = hyy — hqyy — specific mass work low pressure compressor of the upper
cascade, kl/kg;

536



POWER ENGINEERING AND ENERGY EFFICIENCY

lupcy = hsy — hyay — specific mass work high pressure compressor of the upper

cascade, klJ/kg;

lcr = hyp — hyp — specific mass work of the lower cascade compressor, kJ/kg;
qou = hiy — hsy —specific mass refrigeration capacity of the upper cascade, kl/kg;
Qo1 = her, — hs;, — specific mass refrigeration capacity of the lower cascade, kl/kg;
qcr = hy; — hsp —specific mass heat load of the lower cascade condenser, kl/kg.

Summary results of calculations are given in Tab. 8.

Tab. 8. Summary calculation’s results of modified cascade cycle (lower cascade
—R290, upper cascade — R717)

U

L

Parameter T, T, Ly Lsy; L, Xs X5, COP
Unit of . _ oC °C °oC _ _ —
measurement
Result 2.157 | 5.326 55 75 24 0.10 0.213 2.07

As can be seen from the calculation results (see Tab. 8), the use of a two-stage
cycle in the upper cascade did not increase the energysefficiency of the refrigeration
cycle as a whole and can not be absolutely recommeénded for implementation due to
significant complication. On the othershandy, the obvious advantages of this cycle
include a significant reduction in pefrigerant temperatures after compression and
degrees of pressure increase in each stage of the upper cascade compressor. This will
increase the feed rate of the compresser, reduce its weight and size and increase its
service life.

The generalized results of the coefficients of thermal transformation according to
comparative schemes are summatsized in Tab. 9.

Tab. 9. Comparison of COP coefficients for different circuit solutions of refrigeration
machines; condensation temperature 45 °C, boiling point —45 °C

No cf, Schematic solution COP Note
1 2 3 4
1 Ofigstage SCRM with 1,71 refrigerant R717
subcoeler™
2 Two-stage SCRM with a coil 2,07 refrigerant R717
intermediate vessel
refrigerant of the upper
3 Cascade refrigeration machine | 2,00 casc?ade R717;
refrigerant of the lower
cascade R290
refrigerant of the upper
Modified cascade refrigeration cascade R717;
4 : 2,07 .
machine refrigerant of the lower
cascade R290

* calculations were not performed in this work
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d) Investigation of the influence of the condensation temperature of the lower
curcuit refrigerant on the energy efficiency of the cascade cycle

For a cascade refrigeration machine with a maximum COP, we investigate the
choice of the optimal condensation temperature of the refrigerant of the lower cascade.

To do this, set the values 7, =—20;—10; 10; 20 °C'. The refrigerant of the lower cascade

is R290, the refrigerant of the upper cascade is R717.

Thermal calculations of the cycles of the upper and lower cascades are
performed accordence with the scheme shown in Fig. 3. The coefficient of
tremotransformation COP is determined by formula (4).

The results of the calculations are summarized in Tab. 10.

Tab. 10 The influence of the condensation temperature of the uppet eircuit on
the coefficient of thermal transformation of the cascade cycle

t,,°C -20 -10 0 10 20

cL>

COP 1,94 2,01 2,00 2,00 1,91

As can be seen from the calculation results, the optimal condensing temperature
range of the lower stage is—10<¢, <10 °C/ Takingsinto ‘aecount the condensation

temperatures of the upper cascadel =45°Cand ‘boiling’ of the lower cascade

t, =—45 °Cit can be concluded that when calculating the ¢ascade refrigeration machine

using ammonia in the upper cascade, and in the lower propane, you can set the
condensation temperature of the lower cascade as the arithmetic mean

t,=0,5(t, +1,). (7)

This will maintain the maximum energy efficiency of the cascade cycle.

V. CONCLUSIONS

Waysto increase the energy efficiency of low-temperature refrigeration machine
are considered in the research work. Two basic approaches were considered: the choice
of refrigerant or their combinations and the choice of circuit design.

As shown by the results of variable calculation of different circuit solutions of
refrigeration machines, given in Tab. 9, the highest value of the cycle thermal
transformation coefficient (COP =2.07) was obtained in two cases: when using a two-
stage SCRM with a coil intermediate vessel and a modified cascade refrigeration
machine — this is a new circuit solution not described in classic textbooks on
refrigeration machines. In addition, comparing the intermediate operating parameters
of these circuit solutions, it is recommended to prefer a modified cascade refrigeration
machine to provide better operating conditions for its compressors, namely,
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maintaining lower cascades of pressure increase and final refrigerant temperatures after
compression.

Studies of the choice of refrigerant of the lower cascade from the standpoint of
energy saving have shown that the largest COP will occur in the following combination
of refrigerants: refrigerant of the upper cascade R717, refrigerant of the lower cascade
R290. These refrigerants are environmentally friendly, which meets the conditions of
the task. Refrigerants previously used traditionally in the lower cascade, such as R13
and R23, were less effective. R744, which is currently often recommended for use in
cascade cycles, has shown insufficient efficacy (for details, see Tab. 3—7).

The paper also shows (for details, see Tab. 10) that when selecting the
intermediate temperature of the phase transition of the cascade cycle, you can set the
condensation temperature of the lower cascade, using the formula (7).
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