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This paper presents an energy analysis of the marine refrigeration system as a component of the machi-
nery system of the cruise liner “Scalet Lady”. This type of ship is one of the most complex types from an
energy point of view, which is associated with a wide variety of energy consumers. The study uses two
methods of thermodynamic analysis of real cycles: the method of cycles and entropy-statistical method.
For the analysis, the experimental data on the operating modes of the marine refrigeration system has
been used. According to the results of processing the experimental data, a thermodynamic cycle has been
formed and an energy calculation of the cycle has been performed using classical methods for two-stage
refrigeration machines. With the help of the cycle model, the external irreversibility is determined by suc-
cessively reducing the energy efficiency of the ideal cycle. The Lorentz cycle has been chosen as an ideal
model, taking into account the variable temperatures of heat supply and removal during heat exchange
“heat source — phase transformations of the refrigerant R407f”. Along with the evaluation of efficiency,
the distribution of losses by the components of the refrigeration system has been established, energy
weaknesses that require improvement has been identified, and the most effective ways to reduce energy
costs have been outlined. Analytical conclusions have a graphical interpretation of the thermodynamic ef-
ficiency assessment for the real refrigeration cycle. It has been established that in the considered real cy-
cle of a marine refrigeration system, the greatest influence on energy efficiency is exerted by external ir-
reversibility in the condenser, in particular, in the overheating zone (25.64% of the total energy consump-
tion of the plant). The effect of irreversibility in the compressor is not fixed.
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Nomenclature: v — specific volume, m*-kg™;

h — specific enthalpy, kJ-kg™; Vy, — theoretical volumetric capacities of the compres-
ri1 — mass flow rate, kJ-kg™; sor, m*kg™;

O — heat rate, kW w — specific work, kJ-kg™;

O, — refrigeration capacity, kW; W — power, KW;

p — pressure, bar; y — refrigerant mass flow rate in the injection line, kg-s™;
s — specific entropy, kJ-kg*-°C™; COP — coefficient of performance;

T — temperature, °C; A — difference;
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Na — adiabatic efficiency of the screw compressor
Subscripts:

ac — actual;

aver — average;

aver.plan(c) — average planimetric (condenser);
aver.plan(e) — average planimetric (evaporator);
br — coolant (brine);

COm — COMpressor;

cond — condenser;

ec — economizer;

ev, evap — evaporator;

1. Introduction

Shipping is the lifeblood of the global economy.
Ships are technically complex systems with a large
amount of energy consumed. Various indicators based
on different standards or principles are used to assess
the energy efficiency of technical systems. Most of
these indicators are used for equipment certification.
At the global level, the International Maritime Orga-
nization (IMO) evaluates the energy efficiency of ma-
ritime transport using tools such as EEDI (Energy
Efficiency Design Index), EEOI (Energy Efficiency
Operational Index), and SEEMP (Shipping Energy
Efficiency Management Plan) which are regulated by
IMO circulars MEPC.1/Circ.682, MEPC.1/Circ.684,
and MEPC.1/Circ.683, respectively [1]. A full perfor-
mance evaluation takes into account rising bunker fuel
prices. Thus, the maritime industry faces two prob-
lems: environmental and economic. The problem of
increasing energy efficiency is solved by reducing
fuel consumption on board ships.

One of the most complex types of ships from an
energy point of view are cruise ships, which is asso-
ciated with a wide variety of energy consumers. The
efficiency of energy saving on ships is largely deter-
mined by the operating modes of machinery systems,
which also include refrigeration systems. On the scale
of such a large installation as a ship power complex,
even a small percentage reduction in energy costs be-
comes a significant savings in absolute terms. Cruise
ships use large refrigeration systems with multiple
temperature levels of refrigeration production and va-
rying operating conditions for the condensing heat
rejection system. They ensure the functioning of refri-
geration and freezing equipment, technological and
comfortable air conditioning systems on the ship. Mo-
reover, such systems have continuity of cooling pro-
cesses in time. The energy consumption of ship
refrigeration systems on passenger liners is 4% of the

exp — expansion;
in—inlet;

int — intermediate;
min — minimum;
out — outlet;

w — water;

1-6 — state of cycle
Superscripts:

a — adiabatic;

min — minimum;
real — real parameter or value

total ship energy consumption.

Increasing the energy efficiency of refrigeration
systems is achieved by various methods: structural
improvement of ccomponents, the use of advanced
automatic control systems, the heat transfer intensi-
fication, and an increase in the thermodynamic effi-
ciency of cycles. The latter method largely depends on
the type of refrigerant used. Environmental require-
ments for maritime transport are constantly increasing
in accordance with the International Convention for
the Prevention of Pollution from Ships (MARPOL
73/78) [2]. At present, the refrigerant R407f is used as
a medium-term alternative to HCF-type refrigerants
used on ships classed by Lloyd’s Register of Shipping
and GWP below 2500 [3]. This refrigerant is a non-
azeotropic mixture in which phase transition processes
occur at variable temperatures. Such features should
be taken into account when determining the parame-
ters of the system operation and operation of heat
exchange equipment. In view of this, it is relevant to
conduct a thermodynamic analysis using the experi-
mental data of a real ship refrigeration system opera-
ting on a non-azeotropic mixture. Such an analysis
will allow assessing the energy efficiency of operating
modes and identifying ways to reduce the cost of
maintenance and repair.

2. Literature review and problem statement

Recent publications on the subject matter contain
the results of studies of the energy and economic
efficiency of refrigeration systems on board ships. The
authors propose various methods for improving the
corresponding efficiency, which, in their opinion, may
have prospects for their use in marine conditions.

Yan et al. carried out an analysis of ship air con-
ditioning systems using modeling and simulation
methods [4]. The technical requirements and the ope-
ration principle of marine air conditioning, as well as
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a mathematical model of cabin cooling in summer are
described in detail. This model was tested on a parti-
cular example of the cabin of the senior officer of the
ship “Yu Kun”. It is proved that the presented mathe-
matical model is reliable. Bashan and Parlak perfor-
med an exergy and economic analysis of the ship’s
refrigeration system paying attention to the problem
associated with the variable sea water temperature
[5, 6]. In the first study, it is proposed to use com-
pressors with a variable shaft speed to improve energy
efficiency [5]. The temperature of the refrigerant at
the outlet of the condenser is chosen as the main pa-
rameter for frequency control. In the second study, an
exergy analysis of a mechanical compression refri-
geration system was carried out [6]. The characte-
ristics of the system operation depending on the va-
riable temperature of sea water are studied. The exer-
gy losses in the refrigeration system are determined. It
has been established that the greatest losses are obser-
ved in the compressor and expansion valve. Ovcha-
renko et al. provided a review of the methods used to
improve the efficiency of the ship refrigeration plants
[7]. Two methods are considered: the subcooling of
the refrigerant after the condenser and the automatic
control of compressors. The expediency of using these
methods in the operation of ship refrigeration plants
using refrigerants R22 and R717 is discussed.

A performance assessment of a cruise ship
refrigeration plant using modern alternative refrige-
rants with low GWP was made by Pigani et al. [8].
Various cycles with the use of such refrigerants have
been studied. The results of comparison with the
parameters of existing systems based on R407f are
given. It is concluded that the transition from modern
technologies to systems using low GWP refrigerants
entails a deterioration in energy performance and is
not an effective strategy to reduce the overall en-
vironmental impact. Baghan and Kokkiiliink studied
the existing mechanical compression refrigeration sys-
tems on the example of the ship “Ince Ilgaz” in the
case of variable sea water temperatures [9]. In this
study were used he exergoeconomic and environ-
mental analysis. On the base of the obtained results
were proposed some new refrigeration systems with
condensing heat recovery. Calculations were made for
15 different refrigerants. The author concluded that
the use of condensation heat recovery in the refri-
geration system can directly reduce fuel consumption
and emissions to the atmosphere. A comparative ana-
lysis of the ship mechanical compression refrigeration
system using refrigerant R435a as an alternative to
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refrigerant R134a has been carried out by Memet [10].
The analysis showed that the exergy efficiency of the
system when operating with refrigerant R435a is 35%
higher than this value for the system operating with
refrigerant R134a.

When analyzing the literature review, it can be
stated that there are no studies based on real data on
the operation of existing refrigeration systems. The
main parameters of the refrigeration system change
over time and depend on many factors. Therefore, it is
very important to conduct an experimental verification
of the operation of the such system to establish the
reliability of theoretical studies. Thus, it becomes re-
levant to continue research on ship refrigeration sys-
tems based on the available real experimental data
using scientific tools to improve energy efficiency.
The authors of studies [4-10] used exergy, thermo-
economic, and environmental analyzes to assess the
energy efficiency of ship refrigeration systems. Such
methods include many real cost and environmental
parameters, which are very difficult to unify. This
makes the thermodynamic calculations very time con-
suming. The use of such multi-criteria analyzes for
local ship refrigeration systems is not advisable.

To estimate irreversibilities in the ship refri-
geration systems in isolation from the entire power
system of the ship, the authors of this paper propose to
use entropy methods of thermodynamic analysis. Such
methods allow, along with efficiency assessment, to
obtain the distribution of losses over the components
of the refrigeration cycle. This, in turn, allows to
determine the weak point of the refrigeration system
that requires perfection, and finding the most effective
ways to reduce energy costs [11]. Literature review
shows that the topic of this research is insufficiently
studied and needs to be studied in detail to solve
energy saving problems for real ship refrigeration
systems.

3. Determination of characteristics of a of
ship refrigeration cycle

The presented study has been carried out using
data from a real refrigeration system (chiller) of the
cruise ship “Scalet Lady” [12]. A schematic diagram
of this refrigeration system is shown in Fig. 1. The
presented refrigeration system provides storage of
frozen goods in 7 provisional chambers. The inter-
mediate coolant (brine) is ethylene glycol. The chiller
consists of an oil-flooded screw compressor with an
oil cooling system, a horizontal shell-and-tube con-
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denser, a shell-and-tube economizer, a shell-and-tube  geration unit operates on a two-stage compression
evaporator with refrigerant boiling inside the pipes, a  cycle. Two-stage compression is carried out in one ca-
system of expansion valves and fittings. The refrige-  vity of the compressor with injection of the saturated
rant in the refrigeration system is R407f. The refri- vapor at an intermediate pressure.

W —
e |

| I S—

Figure 1 — A schematic diagram of the ship refrigeration system: 1 — screw compressor; 2 — shell-and-tube
condenser, 3 —filter drier, 4 — shell-and-tube economizer; 5 — expansion valve 1; 6 — expansion valve 2;
7 — shell-and-tube evaporator; 8 — oil separator, 9 — oil cooler 10 — mechanical filter

For the thermodynamic analysis of the ship ref- the cycle obtained in real operating conditions during
rigeration system, the parameters and characteristics of  the ship movement were used (Fig. 2 and Table 1).
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Figure 2 — Parameters of the ship refrigeration system operation conditions
in real time during the ship movement
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Table 1 — Measured parameters of the refrigeration system for the storage of frozen goods

Parameter Value
Temperature at the compressor inlet T;, °C -31.9
Discharge temperature T,, °C 79
Temperature of the coolant (brine) at the evaporator inlet Ty, °C -334
Temperature of the coolant (brine) at the evaporator outlet Ty ou, °C -38
Temperature of the water at the condenser inlet T, i, °C 34
Temperature of the water at the condenser outlet Ty, oy, °C 36
Pressure at the compressor inlet p;, bar 1.12
Discharge pressure p,, bar 18.2
Intermediate pressure pjq, bar 1.33
Temperature at the evaporator inlet Tey i, °C —42
Temperature at the economizer inlet Te i, °C 38
Temperature at the economizer outlet Tec o, °C 6.5
Theoretical volumetric capacities of the compressor V;,, m*-h™ 705.60"
Actual volumetric capacities of the compressor Vj, s, m*-h™ 507.96"

In accordance with the ship’s instructions

Based on the results of experimental data pro-
cessing, a thermodynamic cycle has been formed and
presented in the Igp-h and T-s diagrams (Fig. 3), the
state parameters have been determined (Table 2), and
the energy calculation of the cycle has been performed
using classical methods for two-stage refrigeration
machines presented in [14] (Table 3).

To carry out the energy calculation, it is condi-
tionally assumed that 1 kg-s™ of refrigerant circulates
through the evaporator. Then the refrigerant mass
flow rate in the compressor is (1 + y) kg s*, where

Igp

[4
cechscegeeceed

ceccccegoenne

h

y kg s is the refrigerant mass flow rate in the in-
jection line. The heat balance of the economizer can
be written as:

1-h+y-h,=1-h+y-h,

From Eg. (1) the value of the refrigerant mass
flow rate in the injection line y is define as follows:

1)

_h-h,
Y =h-h

()

ﬁ T

Figure 3 — A real refrigeration cycle in Igp—h and T-s diagrams

Table 2 — Thermodynamic parameters for the states of the marine refrigeration system

State 0 1 1> | 1" 0" 2s 2 3 3* 4 5 6
p, bar 112 [ 112 | 1.33 | 1.33 | 1.33 | 18.20 | 18.20 [18.20 [18.20 | 1.33 [18.20 | 1.12
T,°C —37.5[-31.9|-250[-30.0[-340| 80.0 | 79.0 | 38.0 | 425 | 40.0| 65 |—420
h,kJ-kg®  [390.0 [ 395.7 [ 400.0 | 397.9 [ 392.8 | 475.7 | 469.0 |260.0 | 418.5 | 260.0 | 208.0 | 208.0
v, m>-kg™! 0.21 0.18 0.0161 | 0.0159
s,kikg’°C' [1.837 |1.851 [ 1.851 | 1.836 | 1.826 | 1.836 | 1.834 [ 1.214 | 1.721 | 1.294 | 1.036 | 1.067
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Table 3 — Design characteristics of the real refrige-
ration cycle

Parameter Value
Refrigeration capacity O., kKW 122.29
Refrigerant mass flow rate in the evaporator
titey, kgs™ 0.671
Refrigerant mass flow rate in the condenser
g, kgs™ 0.934
Refrigerant mass flow rate in the economizer
itee, kg's™ 0.263
Oil mass flow rate in the economizer g, kg-s‘1 5.27
Condensing heat load O, kW 191.2
Economizing heat load Oec, KW 34.8
Compressor power consumption Weom, KW 83.84
Coefficient of performance COP 1.45

4. Analysis of the real marine refrigeration
system operation by the entropy-statistical
method

The actual processes occurring in the marine
refrigeration system are non-equilibrium and irrever-
sible, and are accompanied by an increase in entropy
in all components of the system. The degree of ir-
reversibility of the processes and the amount of work
required to compensate for irreversibility is estimated
using the Gouy-Stodola theorem (entropy generation
in each component of the system). This principle is
the basis of entropy-statistical analysis. This method
makes it possible to determine the necessary energy
costs to compensate for the entropy generation as a
result of the irreversibility of work processes in va-
rious components of refrigeration systems and indi-
cates ways to improve them [13].

The study of a real marine refrigeration system

by the entropy-statistical method has been carried out
p

using experimental data and calculations (Tables 1-3).
Evaluation of the efficiency of the cycle is carried out
according to the specific costs of electricity and the
value of the of thermodynamic perfection parameter.
Specific costs are related to 1 kg of refrigerant circu-
lating through the evaporator.

The use of a non-azeotropic mixture in a refri-
geration system leads to the fact that the isobaric
processes of supply (boiling) and rejection (con-
densing) of heat in the heat exchangers are non-iso-
thermic. In the presented system, the processes of heat
supply in the evaporator (cooling of the coolant) and
heat rejection in the condenser (heating of the water)
also occur at variable temperatures. To fulfill the con-
ditions of reversibility, the temperature of the working
fluid must change in the same way as the temperatures
of the coolant and water. The entropy-statistical analy-
sis is based on the assumptions of the constancy of the
temperatures of the coolant and water and in the pro-
cesses of phase transitions of the refrigerant. Given
this condition, to continue the study it is necessary to
carry out the transition from variable to constant tem-
peratures during heat transfer. To perform this tran-
sition, it is necessary to use the method of cycles [16].
As a reversible sample cycle for cycles with variable
temperatures of heat supply and heat rejection, the
Lorentz cycle is used. This cycle consists of two adia-
batic processes and two processes with variable tem-
peratures, the nature of which exactly follows the chan-
ges in source temperatures (Fig. 4, Cycle 1, Cycle 3).
The cycles are built at the corresponding temperature
levels: for sources of heat supply (brine) and heat
rejection (water) — Cycle 1, and for the working fluid
(refrigerant) of the refrigeration system — Cycle 3.

2
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T max 2 2 M
S i 3 Ty le 3 (]
max 2 T min aver.plan. ¢ = e = oy '
er Tw . ¢ s J
T 3 3
¥ T o min | AR "= 42! .
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heat rejection of the real refrigeration cycle

For any reversible Lorentz cycles, the only limi-
tation is the need for constancy and equality of heat
capacities in the processes of heat supply and heat
rejection (lines 4-1 and 3-2 are equidistant). Skipping

intermediate constructions, the real cycle with a real
working fluid can be represented by Cycle 5 (Fig. 4).
In the real cycle, the heat capacities in the processes
of heat supply and heat rejection are not equal and not
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constant. For further analysis, it is necessary to
replace the Lorentz cycles with equivalent Carnot
cycles (Fig. 4, Cycle 2, Cycle 4), which have the same
thermodynamic characteristic COP_or = COPcar. The
temperature boundaries in the equivalent Carnot cycle
are taken equal to the average planimetric tempe-
ratures in the processes of heat supply and heat rejec-
tion in the Lorentz cycle (Fig. 4, Cycle 2, Cycle 4).

The processes of heat supply and heat rejection in
the presented refrigeration system are isobaric. In this
case, it is not required to carry out planimetry, and the
numerical value of temperatures in the equivalent
Carnot cycle is determined by the values of enthalpies
and entropies at the beginning and end of the process
(Figure 4, Cycle 5).

To determine the design temperatures of the
working fluids, it is necessary to use the following
equations:

h, —h
Taver.plan(c) = 53 —s (3)
3* 3
h,—h
Taver.plan(e) = SO _ 86 (4)
0 6

The design temperatures of the brine and water
are determined as the arithmetic mean values between
the extreme temperatures, in view of the small heating
and cooling values of the corresponding flows (Table 1):

T . +T

vaaver — w,in 2 w,out (5)
T . +T
Tbr,aver — br,in 2 br,out (6)

Any pressure losses haven’t been taken into
account in heat exchangers and pipelines when car-
rying out the analysis by the entropy-statistical
method. Initial data for analysis with considering Eqgs.
(3)-(6) are written as follows.

The average temperature of the fresh water in the
condenser of the refrigeration system — T, aer = 309 K.

The average temperature of the refrigerant (ethy-
lene glycol) in the evaporator of the refrigeration sys-
tem — Ty aver = 237 K.

Design evaporating temperature of the working
fluid — Taver.plan(e) =236 K.

Design condensing temperature of the working
fluid — Taver.plan(c) =312.62 K.
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The sequence of analysis of the main components
are written as follows.

The real specific cooling capacity of the refri-
geration system is:

Q" =h—h. ©

The minimum specific work for cold production is:

T -T

w,aver br,aver . (8)

T

br,aver

real

Wmin = qe

The adiabatic specific work of compression is
separated into two parts:

— for compression in the compressor from pres-
sure pe to pe

W?oml = hl - hl*' ©)

— for compression in the compressor from pres-
sure p to pe
Wcaomz = (hzs - hl")'(1+ Y)- (10)

The total adiabatic specific work of compression
in the compressor is:

D w=w W

comt T Weona (11)

The minimum required specific work of
compression to compensate for the entropy generation
in the condenser when the refrigerant vapor is cooled
from temperature T, = 80°C to saturation temperature
T."™=42.2°C is defined as follows:

AWS:)E.cond = (hZS - h3*) (1+ y)_Tw,aver '(SZS _SS*)' (12)

The minimum required specific work of
compression to compensate for the entropy generation
in the condenser during the condensation of the
refrigerant vapor is:

1
.(13)
aver.plan(c)

AWQ)ir:]d :Tw,aver'(hy_}%)‘(l-l-y).(Tl _T

w,aver

The minimum required specific work of com-
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pression to compensate for the entropy generation
when throttling in expansion valve 1 is:

Awg](g]l = Tw,aver '(SG _SS)' (14)
The minimum required specific work of

compression to compensate for the entropy generation
when throttling in expansion valve 2 is:

AWmin _ T

exp2 — * w,aver

(8,—55) ». (15)

The minimum specific work of compression to
compensate for the entropy generation in the eva-
porator is:

min I 1 1
AWevap = Tw,aver : qeeal '(T - ] (16)
br,aver

aver.plan(e) T,

The minimum specific work of compression to
compensate for entropy generation in the economizer is:

Awg?:i)nn = Tw,aver : I:y ’ (SO" Sy ) _(SB — S5 )] (17)

The total value of the minimum specific work to
compensate for the entropy generation in all
components of the refrigeration system describes the
design adiabatic specific work of compression:

Table 4 — System calculation results

a min min
W, = Wmin +AWcooI.cond + AW(:ond + (18)
min min min min
F AWy + AWoin + AW,y + AW, .

The real specific work of compression can be
found from Egs. (19) and (20) taking into account the
adiabatic efficiency of the screw compressor 1, = 0.83:

— for compression in the compressor from pres-
sure pe to pe

Wreal _ h1_h1* )

coml

(19)

a

— for compression in the compressor from pres-
sure p to pe
Wi, =(h =) (1+y). (20)

The total real specific work of compression is:

2 W =W W (21)
Coefficient of performance of the real
refrigeration cycle is:
real
COPreaI — qO (22)

Z Wreal )

The calculation results are presented in Table 4.

throttling in expansion valve 1 AW, kJ-kg™
throttling in expansion valve 2 AWmi”expz, kJ-kg*

tor AWmi”evap, kJ-kg*

AWminecona k]~kg'1

Parameter Value
Real specific cooling capacity of the refrigeration system ¢."*, kJ kg™ 182
Minimum specific work for cold production Wy, kJ'kg'1 55.29

Adiabatic specific work of compression from p. to pe” Weomt, kJ-kg™ 4.3
Adiabatic specific work of compression from p,” to pe Woeomz, kJ-kg™

Total adiabatic specific work of compression Zw?, kJ-kg™

Minimum required specific work of compression to compensate for the entropy generation in the
condenser when the refrigerant vapor is cooled AWmi”COO|_C0nd, kJ ~kg'l 30
Minimum required specific work of compression to compensate for the entropy generation in the
condenser during the condensation of the refrigerant vapor AW™"enq, kJ-kg™

Minimum required specific work of compression to compensate for the entropy generation when

Minimum required specific work of compression to compensate for the entropy generation when
Minimum specific work of compression to compensate for the entropy generation in the evapora-

Minimum specific work of compression to compensate for entropy generation in the economizer

109.88
114.2

2.55

9.57

9.66

1.0054

9.1
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Table 4 continuation

Parameter Value
Total value of the minimum specific work to compensate for the entropy generation in all compo-

nents of the refrigeration system w2, kJ-kg™ 117
Real specific work of compression w", kJ-kg™ 98.57
Coefficient of performance of the real refrigeration cycle COP"™ 1.59

The discrepancy between the calculated values of
the adiabatic work of compression obtained by Eg.
(11) and Eq. (18) does not exceed 2.5%. This result
indicates a real overspend of work for each compo-
nent of the refrigeration system.

The distribution of the design specific energy
consumption by the components of the refrigeration
system is shown in Figures 5 and 6. It has been found
that the contribution to the total irreversibility is made
by the processes in the evaporator (0.85%), in the
condenser (27.82%), in the compressor (0%), in the
economizer (7.7%), and in the expansion valves
(16.4%) when comparing the results of the analysis in
the components of the refrigeration system (Fig. 5).
Such a distribution allows, under specific circum-
stances, to focus on the improvement of one or ano-
ther component of the system.

In the presented real marine refrigeration cycle,
the external irreversibility in the condenser has the
greatest impact on energy efficiency; more precisely,
in the overheat rejection zone. They accounted for
25.64% of the total energy consumption of the
refrigeration system. The effect of irreversibility in the
compressor is not fixed. This is due to the perfect
design of the oil-flooded screw compressor.

27.82%

Minimal work for
cold production

Expansion valve 1,
Expansion valve 2

0.85%

Evaporator

Figure 5 — Graphical interpretation of the
thermodynamic efficiency evaluation of the
real marine refrigeration cycle

In the processes of phase transformations occur-
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ring in the heat exchangers (condenser and evapo-
rator), the minimal irreversibility of the total work in
the refrigeration cycle has been recorded: 0.85% in
the evaporator and 2.9% in the condenser. Such
results are determined by the same nature of the chan-
ge in the temperatures of non-azeotropic mixtures in
the processes of phase transformations, coolant and
water. In the graphical representation, the lines of the
processes are equidistant (Fig. 4). It is known that the
energy consumption of a refrigeration system largely
depends on the temperature operation mode. The pre-
sented system operates in a low-temperature mode, so
the minimum work for cold production is 47.7% of the
total energy consumption of the refrigeration system.

> w*'=98.57kJ- kg

N

/\ Aw™™ =91 ki-kg

AWeom =-15.63kJ kg™

X w'=114.2 kJ-kg"

Awann =1.0054 kJ- kg™
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Figure 6 — Diagram of the specific energy
consumption distribution in the main
components of the refrigeration system

5. Discussion of the results and conclusions

The study uses two methods of thermodynamic
analysis of real cycles: the method of cycles and en-
tropy-statistical method. The method of cycles has
been used as a tool to prepare for the analysis by the
entropy-statistical method, which made it possible to
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determine the design parameters of the refrigeration
system. This combination of methods simplified the
analysis and ensured the reliability of the results. In
the entropy-statistical method, the studied characte-
ristics are entropy and compressor operation, which
are associated with real processes in all components of
the refrigeration system. These functions determine
the timing of maintenance of the refrigeration system.
The amount of work overrun evaluates the decrease in
the energy efficiency of the cycle and indicates the
components of the greatest influence on its reduction.
According to the results of the study, the overheat re-
jection zone in the condenser has the greatest negative
impact on energy efficiency. The overrun of work in
this component is 27.7% of the total energy consump-
tion in the refrigeration cycle. The reason for this phe-
nomenon is the thermophysical properties of the ref-
rigerant R407f (low heat capacity of superheated vapor).

At the same time, due to the fact that the pro-
cesses of phase transformations are non-isothermic at
changing temperatures of the brine and water, this
leads to a decrease in heat transfer losses and brings
the processes closer to reversible ones. The analysis of
the refrigeration system by the entropy-statistical met-
hod makes it possible to extensively evaluate the in-
fluence of the thermophysical properties of the
working fluids in each component of the system. The
analytical solution of a scientific problem is accom-
panied by a presentation of the results in a graphical
form. This contributes to a clear and precise under-
standing of the thermodynamic patterns of energy
conversion in the refrigeration system, shows the
progress of the analysis carried out in the form of a
geometric image of the distribution of energy costs
among the components of the system, and allows
outlining ways to improve their performance.

The thermodynamic analysis shows that the
presented real marine refrigeration system under real
operating conditions has a high energy efficiency for
low-temperature machines (COP,, = 1.59). Thus, this
refrigeration system meets the mandatory IMO stan-
dards for the energy efficiency of ships. The impro-
vement of refrigeration systems of this type is within
the competence of shipbuilding design organizations
and requires the replacement of the design of heat ex-
change equipment, in particular the condenser.
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Y cmammi nasedeno enepeemuynuii ananiz xo100UibHOI YCMAaHOBKU AK eleMeHma CUCmeMu MAUUHHO20
001a0HanKA KpYi3Ho2o natinepa «Scalet Ladyy, axuil € 00HUM i3 HAUCKAAOHIWUX MUNIE MOPCLKUX CYOeH 3
eHepeemuUyHOI MOUKU 30py, Wo NO08 A3aHe 3 BeUKOI0 PIZHOMAHIMHICMIO CNoXCUusayie eHepeii. Y docii-
O#CeHHI BUKOPUCMOBYIOMbCS 084 MEMOOU MEPMOOUHAMIYHOZO AHANI3Y PEaNbHUX YUKIB. Memoo YUKiig
ma eHmponitiHo-CMamucmuyHu memood. s ananisy UKOPUCMAHI eKCRepUMEHMANbHI OaHi PedlcuMie
pobomu cyoH080i X0N00UNbHOI YycmaHosKuU. 3a pe3yibmamamu 00poOKU eKCNepUMEeHMANTbHUX OAHUX
cpopmosano mepmoOOUHAMIYHUL YUK I, BUKOHAHO eHepeemuyHUli pO3PAXYHOK YUKTY 3 GUKOPUCMAHHAM
KAACUYHUX MemOoOi8 Ol 080CMYNEHEBUX XOI0OUTbHUX MAWUH. [ OYiHKU He360pOmHUX empam ) 6op-
MOGIU XOJNOOUTbHIT YCMAaHo8Yl y 6i0pusi 6i0 yciei enepeemuuHol cucmemu CyOHAd SUKOPUCMAHI eHMPO-
RIUHI MemoOu MepMOOUHAMIYHO20 aHANI3Y. 3a 00NOMO20I0 YUKI080I MOOENT GUHAYEHO 308HIUIHI HE360-
POMHOCMI WAXOM NOCTIO08HO20 3MEHUEH S enepeemuynoi epekmusnocmi ideanvHo2o yuxuy. loeans-
HUM 3paskom obpanuti yuxn Jlopenya, wo 6paxo8ye 3minHi memnepamypu niogeoeHHs ma 6i06e0enHs
mena npu meniooOMini «Odxcepeno menna — @pazosi nepemsopenns xonoooazenmy R407fy». Ilopao 3 oyin-
KOI0 eheKmusHocmi Ompumano po3nooil mpam 3a e1eMeHmamu X0100UlbHOI YCMAHOBKU, GUSHAYEHO
eHepeemuyHO CIaOKi Micys, wo nompedyroms YOOCKOHANEHHS, HAMIYEH] HAlleheKMUGHIWE WLsXU 3MeH-
UleHHs eHepeosumpam. AHAIMUYHI BUCHOBKU MAOMb ePApIiuny IHMepNPemayito OYiHKU mepmMoOuHamiy-
HOI eghexmusHOCmI YUKILY OiliICHOI X0N00UTbHOI YCMAHOBKY. BCMAH081eHO, Wo Y pO32TAHYMOMY OIUCHOMY
YUK cyOHOB0T XONOOUNLHOL YCMAHOBKY HANOINLWMULL GNIUE HA eHepeemUYHY eeKmUGHICTNG MAIOMb 306-
HIWHI He360POMHOCMI 8 KOHOEHCAMOPpI, 30KpemMa, Y 30HI 3HAmms nepepigy (25,64% 6i0 3azanvnozo enep-
20CNOMNCUBAHHS YCIMAHOBKU). Bnausy nezgopomnocmi na pobomy xomnpecopa He 3agikcosano.

Knrouoei cnosa: /livicna xonoounvua cucmema, Memoo yuxnig; EHmMponiliHo-cmamucmuyruil mMemoo;
Enepeoeghexmuenicmo

Vl/default.asp (nata 3Bepuenns: 29.04.2022).
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