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LEG carriers’ energy efficiency can be increased by improving the boil-off gas (BOG) reliquefaction in-
stallation processes in its components. In this study, it is proposed to replace the conventional reliquefac-
tion process (CRP) of a LEG carrier “ANTIKITIRA” actual installation equipped throttle devices with an
ejector reliquefaction process (ERP) having two-phase ejectors as expansion devices to increase the
energy efficiency of the installation. Expansion devices EV2F and EV2® were replaced with two-phase
ejectors in the proposed system. The ejector efficiencies are ensured by additional components (separa-
tors and the precooler in the bottoming stage of the cascade). Separators maintain a constant pressure at
the compressor inlets, and the precooler reduces the load on the condenser-evaporator. An ejector model
has been developed to analyze the proposed system. The design pressure at the ejector nozzle outlet is de-
termined based on multivariate calculations. Energy and exergy analyses of ERP and CRP systems were
carried out. According to the exergy analysis results, each component's influence on the energy efficiency
of the CRP and ERP systems is estimated. The exergy losses in each ERP component are lower than the
corresponding values in the CRP components. The exergy losses in the condenser and precooler of the
CRP system are lower than in the ERP system. The total power consumption is the same in both cycles,
and the cooling capacity of the ERP cycle has increased by 29.1 kW. Replacement of throttle devices led
to a decrease in absolute exergy loss from 9.75 to 4.95 kW. The energy efficiency of the ERP cycle in-
creased by 24%, and the exergy efficiency increased by 16%. The most significant exergy losses in both
cycles are observed during compression in a two-stage cargo compressor of the bottoming stage of the
cascade (29.0-34.1%). It is concluded that the proposed ERP cycle meets IMO requirements for vessel
energy efficiency but requires additional capital investments.
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Nomenclature: p — pressure, bar or MPa;

e — specific exergy, kJ kg™; s — specific entropy, kJ-kg*-°C™*;
E —exergy, kW; T — temperature, °C or K;

h — specific enthalpy, kJ-kg™; v — velocity, m-s™;

m — mass flow rate, kJ-kg'l; W— power, KW,

Q — heat load, kW:; COP — coefficient of performance;

40


http://orcid.org/0000-0001-7500-336X
http://orcid.org/0000-0001-7500-336X
https://orcid.org/0000-0002-7275-5061
http://creativecommons.org/licenses/by/4.0/

XonoaunbHa TexHika Ta TexHonoria, 59 (1), 2023

A — difference;

& — exergy efficiency;

n — efficiency;

w — entrainment ratio
Subscripts:

ad — adiabatic;

amb — ambient;

car — cargo;

C — compressor;

c-e — condenser-evaporator;
cond — condenser;

diff — diffuser;

e — evaporator, bottoming stage;
ec — economizer;

ej — ejector;

i — index of the component;
int — intermediate;

LPG - LPG heat exchanger;
mix — mixing;

nozz — nozzle;

1. Introduction

Climate change, geopolitics, COVID-19, and mi-
litary conflicts have affected people’s lives and led to
a global energy crisis. Liquefied gases as an alter-
native fuel play a leading role in mitigating the impact
on the energy industry. In the present time, the trans-
porting of liquefied gases over long distances is car-
ried out by gas carriers. The supply of gases in a li-
quefied state is more profitable since transporting the
corresponding volumes of compressed gases requires
huge material costs [1]. Depending on the type of
transported gases, they are divided into several
groups, among which an important place is occupied
by liquefied ethylene, which has significant energy
potential. In the transport classification, it represents
the LEG (Liquefied Ethylene Gas) group. A signi-
ficant increase in demand for ethylene in recent years
has been observed in China and the Middle and Far
East. About 85 million tons of ethylene are produced
worldwide annually. However, since most of this
production is disposed of close to its place, only 2.5
million tons can be transported by sea over long
distances [2].

Ethylene has a normal boiling point of -104 °C.
Its physical properties determine the cargo retention
system on the vessel. During transportation, part of
the cargo evaporates, which increases the pressure and
temperature in cargo tanks. A gas liquefaction system
is used on gas carriers to maintain the pressure and tem-

pc — precooler;

r — topping stage;

SCr — screw;

sep — separator;

tank — tank;

tot — total,

1-10, A, B — state of cycle

Superscripts:

CRP — conventional reliquefaction process;
E — ethylene;

ERP — ejector reliquefaction process;
EV — expansion valve;

in —inlet;

HS — high stage;

LS — low stage;

out — outlet;

R — propylene;

tank — tank;

tot — total

perature within normal limits. The reliquefaction sys-
tems on vessels transporting ethylene use cascade ref-
rigerating machines.

To comply with mandatory vessel energy effi-
ciency standards, such as the Energy Efficiency De-
sign Index (EEDI) and the Ship Energy Efficiency
Management Plan (SEEMP), designers and ship-
builders face the problem of improving the energy
efficiency of the reliquefaction system [3]. The prob-
lem’s solution is achieved by improving the processes
in its components and finding new design solutions
for the installation components during the design and
operation of the entire system. When analyzing the
component LEG reliquefaction systems, many authors
showed that significant irreversible losses are obser-
ved in throttle devices (expansion valves) [4-8]. Thus,
one of the promising ways to increase the system’s
performance is to reduce these losses by using more
efficient expansion processes.

Considering the above, this paper presents a
study to improve the reliquefaction process’s produ-
ctivity using an ejector as an expansion device. The
chosen topic of study is relevant from the point of
view of the prospects for the development of maritime
transport in compliance with IMO requirements re-
garding vessel energy efficiency.

2. Literature review and problem statement

The study of processes in LEG reliquefaction
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systems has been published in the papers of scientific
teams from different countries.

Li et al. considered the issues of increasing the
energy efficiency of the ethylene reliquefaction ins-
tallation [4]. Optimization of the existing cycle was
carried out using thermodynamic analysis. The exergy
losses of each component are considered, and the effi-
ciency of using available energy is estimated. The op-
timization resulted in an increase in the exergy
efficiency of the reliquefaction process by about
19.0%. The amount of circulating refrigerant in the
system decreases by about 44.9% per hour. The boil-
off gas (BOG) reliquefaction system on a LEG carrier
was evaluated by Sokolovska-Yefymenko et al. [6].
The study uses the entropy-cycle method to determine
irreversibilities in a cascade cycle. The study results
showed that when designing cascade installations of
liquefied ethylene, it is necessary to improve the de-
sign of expansion devices, particularly to replace the
throttle valve with an ejector. Berlinck et al. analyzed
the parameters of the reliquefaction installation of an
LPG carrier with a capacity of 20 tons per day [9]. An
experimental study of the installation and its thermo-
dynamic analysis by the exergetic method were car-
ried out. Chien and Shih performed a numerical simu-
lation of the ethylene reliquefaction installation [10].
The simulation model was developed based on the law
of energy and mass conservation, empirical ratios of
heat transfer coefficients, the theory of heat exchan-
gers and compressors, and thermophysical properties
of working fluids. A parametric analysis of the entire
reliquefaction installation was carried out. Nanowski
proposed a project to optimize the reliquefaction pro-
cesses for the ethylene reliquefaction system [11]. An
exergy analysis of the system was carried out, and
irreversible losses of each component were deter-
mined. The results showed that the exergy efficiency
of the optimized reliquefaction process was 44.5%,
while in the existing process, it was 37.4%. The
consumption of refrigerant and seawater in the opti-
mized process also decreased by about 44.8% and
27.1% per hour, respectively. It is proved that the
energy consumption in the optimized process reduces
by 16.2%. Tan et al. proposed to increase the energy
efficiency of a cascade ethylene reliquefaction plant
by using an ejector as an expansion device [7]. An
ejector model is presented, and its optimal parameters
are determined. The authors claim that the ejector
application in a particular situation reduces energy
consumption by 15.7-27.9 kW compared with tradi-
tional expansion devices. Three potential circuit solu-
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tions for the LEG liquefaction installation are consi-
dered by Tan et al. in [12]. The optimal design chara-
cteristics of the studied processes are determined. It is
proposed to use the study results as reference in-
formation on the process selection in the relique-
faction plant for LEG vessels. The energy efficiency
of the three modified cycles of the ethylene relique-
faction plant considered in [12] was evaluated by
authors in [8]. The process parameters are optimized
individually to minimize the system’s energy con-
sumption. The results showed that compressors and
throttle devices observed the most significant exergy
losses. Ouadha and Beladjine conducted a thermo-
dynamic analysis of the ethylene reliquefaction plant
with various hydrocarbon refrigerants in the upper
cascade [5]. R600a is recognized as the best refri-
gerant in terms of energy efficiency, exergy effi-
ciency, and energy consumption. The authors claim
that using more efficient expansion devices can
enhance the process of reliquefaction.

The ejector is defined as a promising replacement
for throttle devices to improve cooling system cha-
racteristics [13-16]. Wongwises and Disawas investi-
gated a refrigeration system using a two-phase ejector
as an expansion device [17]. The ejector cycle showed
a slight increase in COP compared to the conventional
refrigeration cycle. The cascade cycles using an ejec-
tor have been investigated in some studies [18, 19].
Using an ejector in CO, cycles is also considered a
promising way to increase the efficiency of the refri-
geration cycle [21, 22].

A literature review has shown that the ejector
application improves energy and exergy refrigeration
system efficiency, and its use in the presented
ethylene reliquefaction system is appropriate. To esti-
mate the characteristics of such systems, the authors
of this paper propose to use energy and exergy
analyses. Such methods allow, along with energy
efficiency assessment, to obtain the distribution of
exergy losses over the refrigeration cycle components
and evaluate the use of the ejector on the system
parameters.

3. LEG reliquefaction system description

The schematic diagram of the proposed system is
developed based on the conducted studies of the
ethylene religuefaction installation of the LEG carrier
“ANTIKITHIRA” in actual operating conditions. The
study results were presented by Sokolovska-Yefy-
menko et al. in [6]. The new research is supposed to
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begin with considering the schematic diagram of the matic diagram of the CRP system is shown in Fig. 1
LEG carrier “ANTIKITHIRA” which is classified asa [22]. Fig. 2 shows the thermodynamic cycle of the
conventional reliquefaction process (CRP). The sche- CRP system in the T-s diagram.
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Figure 1 — Schematic diagram of the CRP system [22]
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Figure 2 — The thermodynamic cycle of the CRP system in the T-s diagram
The novel schematic diagram provides for the ejector reliquefaction process (ERP). The replacement

throttle devices EV1R and EV2R replacement in the  of throttle devices is accompanied by changes in the
CRP system with two-phase ejectors classified as an  system schematic diagram (Fig. 3).
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Figure 3 — Schematic diagram of the ERP system

The ERP system cycle includes the following
processes.

The bottoming stage of the cascade operates at
four pressure levels: the ethylene condensing pressure
p., the intermediate pressure between the cargo
reciprocating compressor stages pi, the suction
pressure in the low stage cylinder of the cargo re-
ciprocating compressor p. -, LEG storage pressure in
tanks p;-.

Ethylene supercooled in the intermediate vessel
coil (primary flow) with the mass flow rate riz." (state
8%) is sent to the bottoming stage ejector. In the ejec-
tor nozzle, the primary flow expands to the pressure
p.. (state AF). Due to the resulting discharge, the
secondary flow of vapor ejected from the tank is
sucked into the ejector suction chamber (state 10%). In
the ejector mixing chamber, both flows are mixed to
the state of wet vapor (state B). Then the mixed flow
is sent to the ejector diffuser, where the kinetic energy

44

of velocity is converted into potential energy of
pressure. At the ejector outlet, the pressure of the
mixture (wet vapor) is pe - (state 95). In the bottoming
stage separator, the wet vapor is divided into saturated
vapor (state 95) and saturated liquid (state 95). The
saturated liquid expands in the expansion valve EV1®
to the pressure of the p,~ and is sent to the tank (state
10F). Saturated vapor with the mass flow rate riz," is
directed to the suction line of the low stage of the
cargo reciprocating compressor (state 1F). After se-
quential compression in the cargo reciprocating com-
pressor and cooling in the LPG heat exchanger (state
5%), the superheated ethylene vapor is cooled to a
saturated state in the precooler (state 55°). The resul-
ting saturated ethylene vapor is completely condensed
in the evaporator-condenser (state 6F).

The topping stage of the cascade also operates at
four pressure levels: the propylene condensing pres-
sure pct, the intermediate pressure between the screw
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compressor stages pint, the suction pressure in the low
stage of the screw compressor p.*", the evaporating
pressure of propylene in the evaporator-condenser pg-.

The processes in the topping stage ejector are
similar to those in the bottoming stage ejector. After
the economizer, the primary flow of working fluid
(state 77) enters the topping stage ejector, expands in
the nozzle (state A®), and takes the secondary flow of
saturated vapor from the evaporator-condenser (state
9%) into the suction chamber. The wet vapor with a
pressure of p, " is formed at the ejector outlet (state
9R). The mixture flow is directed to the topping stage
separator and is divided into saturated vapor (state 8%)
and saturated liquid (state 8F). Saturated vapor
superheats in the precooler (state 1F) and enters the
low stage of the screw compressor. After the topping
stage separator, the saturated liquid expands in the
expansion valve EV1® to the pressure pe® and eva-
porates in the evaporator-condenser.

4. Modeling of the ERP system

The processes of the proposed ERP system were
modeled based on the mass and energy balance. The
main operating pressures and temperatures were assu-
med to be the same as in the actual reliquefaction ins-
tallation (in particular, tank pressure, condensing
temperature, intermediate pressure, seawater tempera-
ture, etc.) [6].

The following assumptions to simplify the theore-
tical model of the proposed ERP system are used [6]:

— hydraulic losses in pipelines and heat losses in
heat exchangers are not considered;

— the isentropic efficiency of the low stage of
the cargo reciprocating compressor is 55%;

— the isentropic efficiency of the high stage of
the cargo reciprocating compressor is 86%;

— the isentropic efficiency of the screw compres-
sor is 86% (according to actual operating conditions).

4.1. Mathematical model of the ejector

The mathematical model of the ejector is
developed based on the following assumptions:

— all types of heat losses are not considered;

— operating conditions are considered for a
steady state;

— the effect of pressure drop on friction is
neglected;

— a one-dimensional mixing model at constant
pressure is used to evaluate the ejector performance;

— the efficiency of the nozzle (nnozz) and
diffuser (ndiff) in the ejector is assumed to be 85%;

— it is assumed that the mixing efficiency nmix
is 95% [23];

— the secondary flow pressure drop and the
velocity at the ejector inlet are neglected [24];

— the primary flow velocity at the ejector inlet is
negligible;

— the secondary flow velocity is negligible
compared to the primary flow velocity [24].

The method of computing the flow parameters in
the ejectors of the bottoming and topping stages of the
cascade consists in estimating the pressure at the
diffuser outlet and the corresponding vapor quality
and determining all other parameters based on these
data. As an example, the bottoming stage ejector is
considered. The schematic and structural diagram of
the ejector and the working processes in the ejector
are shown in Fig. 4.

8t A"

BE 9E

Mixing
Chamber Chamber

Suction
Diffuser b)

Nozzle

lol-_"

9E
BE
Location in the ejector C)

Figure 4 — Schematic (a) and structural (b) diagram of the ejector, working processes in the ejector (c)
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To calculate the ejector parameters, it is ne-
cessary to set the initial value of the vapor quality at
the diffuser outlet xo- and perform calculations by
iteration with a sequential change in the value of this
parameter [24]. The main calculated dependencies are
presented in Egs. (1)-(9).

The isentropic efficiency of the nozzle can be
defined as:

he —h,e
he—-h.

g A

, D)

77n 0zZ =

where hg" and haF are the enthalpies of the working
flow at the inlet and outlet of the nozzle; haE is the
specific enthalpy of the working flow at the outlet of
the ideal nozzle (isentropic expansion).

To simplify calculations, the mixing pressure is
assumed to equal the specified flow pressure: pyF =
p.-. Therefore, the value of has- can be determined by
the mixing pressure and the specific entropy under
isentropic expansion sass = sa© by the equation of
state. Neglecting the initial velocity of the working
flow, the velocity of the working fluid flow at the
ejector nozzle outlet is determined by applying the
law of conservation of energy due to expansion:

U = \/ 2 Moo -(hsg ~h,. ).1000. )

On another side, the entrainment ratio ® can be
determined with a known value of vapor quality e at
the diffuser outlet. The refrigerant flow from the dif-
fuser enters the bottoming stage separator in a state of
wet vapor. After separation, the saturated vapor enters
the compressor, and the saturated liquid passes
through the expansion valve EV1F and is throttled to
the pressure in the tank. The calculations assume that
the mass of the working fluid at the ejector diffuser
outlet is 1 kg. In this case, the expression for defining
the entrainment ratio »® can be written as:

oF =1 3)

Table 1 — Parameters of the ejector outlet flow

Egs. (4) and (5) determine the mixing flow
velocity vg® and the specific enthalpy at the flow
mixing site hg":

:Uout'm; (4)

BE

l+o
E
:h85+a) -thE” . UéE G
B® 1+ o 2-1000

Next, the specific entropy and temperature at the
state BF are determined:

SBE’tBE = f(peE’hBE)' (6)

The specific enthalpy at the diffuser outlet is:

2

D,
he =h. +—&. 7
- ()

9 BE

For the isentropic operation conditions of the
diffuser, the specific enthalpy at the diffuser outlet is
determined by Eq. (8):

hgss = th +77diﬁ ’(hgs _hBE ) (8)
The pressure at the diffuser outlet is:
Pe = f (hgsE »Sge ) (9)

Next, the vapor quality at the diffuser outlet
Xo calc 1S determined. The calculation is performed by
iteration method until the calculation error is:
(10)

|X9“

~ Xy | < 0.005.
The parameters of the ejector outlet flow at the
calculated values of the vapor quality for the botto-
ming and topping stages of the cascade are presented
in Table 1. The properties of the working fluids were
determined using the REFPROP software [25].

Parameter Value

Bottoming stage of the cascade (ethylene)
Vapor quality xo", kg-kg™ 0.542
The velocity of the working fluid flow at the ejector nozzle outlet vo,", m-s™ 125.88
Entrainment ratio »° 0.844
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Table 1 continuation

Parameter Value
Mixing flow velocity vg", m's™ 66.52
Specific enthalpy at the flow mixing site hg®, kJ-kg™ 264.39
Specific entropy at the flow mixing site sg%, kJ-kg*-K™ 1.548
Specific enthalpy at the diffuser outlet he, kJ-kg™ 266.60
Specific enthalpy at the diffuser outlet at isentropic operation conditions hg,", kJ-kg™ 266.27
The calculated pressure at the diffuser outlet pe -, bar 1.180

Topping stage of the cascade (propylene)

Vapor quality x¢", kg-kg™ 0.556
The velocity of the working fluid flow at the ejector nozzle outlet o, m-s™ 131.03
Entrainment ratio " 0.799
Mixing flow velocity vg?, ms™ 71.01
Specific enthalpy at the flow mixing site hg®, kJ-kg™ 338.37
Specific entropy at the flow mixing site sg®, kJ-kg™K™* 1.663
Specific enthalpy at the diffuser outlet hg", kJ-kg™ 340.89
Specific enthalpy at the diffuser outlet at isentropic operation conditions hg,", kJ-kg™ 340.51
The calculated pressure at the diffuser outlet p, -, bar 1.201

4.2. Energy analysis of the ERP system

Based on the ejector calculation data, the
thermodynamic cycle of the ERP system was formed

(Fig. 5) and an energy analysis of the cycle was
performed by equations (11)-(16) and the information
provided in [6, 26].

Bottoming cycle

T
Bottoming stage
ot R1150 &
C ¥R
4 pmt _ 9 mtR 6R"\élR
r E R R e R, Te"'R
Tc-e 6:' pcond ) Tcond > 85} ,8 p; \VSR"
a8 A\l TP \\/VV 9R' 9R AR B pl, TN 9fn
-9/5'_/ 3 9s AN \?L" Topping stage
1051 10° A ] % pd I 10 S
S
Figure 5 — The thermodynamic cycle of the ERP system in the T-s diagram
The entrainment ratio is: Topping cycle
The entrainment ratio is:
mLS
mtank mc-e
e ot =—_, (14)

mtank — me ) (12)

The mass flow rate of the ethylene at the diffuser
outlet is:

+m, (13)

The secondary mass flow rate of the propylene is:

m®-(h. —hg )

15
b

mC-e —

r
gR

The mass flow rate of the propylene in a high
stage of the screw compressor is:
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mLs '(haR _heR")

The results of the ERP system calculation and

mis = — (16)  energy analysis are shown in Table 2.
(hy —h,.. )

Table 2 — The results of the ERP system calculation and energy analysis

Parameter Value
Refrigeration capacity O, KW 128.65
The mass flow rate of the ethylene in the low stage of the cargo reciprocating compressor -, kg-s™ 0.269
The secondary mass flow rate of the ethylene 72,®™, kg-s™ 0.318
The mass flow rate of the ethylene at the diffuser outlet 2., kg-s™ 0.587
The mass flow rate of the ethylene in the high stage of the cargo reciprocating compressor 7., kg's* | 0.348
The secondary mass flow rate of the propylene 7i1,°*, kg-s™ 0.276
The mass flow rate of the propylene in a low stage of the screw compressor 71, kg-s™ 0.345
The mass flow rate of the propylene in a high stage of the screw compressor iz, kg-s™ 0.489
The mass flow rate of the ethylene through expansion valve EV2F .=, kg-s™ 0.079
The mass flow rate of the propylene through expansion valve EV2" =% kg-s™ 0.144
Cargo reciprocating compressor power consumption W, ca,, KW 153.83
Screw compressor power consumption s, KW 91.56
Coefficient of performance COP 0.53
Condensing heat load Ocong, KW 229.68
The heat load at the condenser-evaporator Oc.., KW 119.42
The heat load at the LPG heat exchanger Ops, KW 32.80
The heat load at the economizer O, KW 54,77
The heat load at the precooler Qpe, KW 41.21

5. The method of the ERP system perfor-
mance evaluation

The performance evaluation is based on the
results of the exergy analysis of the ERP system, as it
is recognized as a reliable method for the energy
efficiency engineering evaluation of the energy
systems. The concept and methodology of used
exergy analysis are described in [27-29].

The total exergy balance can be expressed as:

B, +W = Y EP - S EM 4 AE,, (17)

where Ey, is the exergy of heat at temperature T:

- A 1_Tam
%:Q( Tb}

E{" and E°" are incoming and outgoing flows of
physical exergy for the i-th component; AE; is the
exergy loss associated with the irreversibility of
processes in the system.

The physical exergy for the i-th component is
determined by Eq. (19):

(18)

E = e, (19)
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where e; is the specific physical exergy of the flow
resulting from temperature and pressure differences:

e =h-h

i i amb

_Tamb : (Si - Samb)'

(20)

The efficient operation of the ethylene reli-
quefaction system is achieved by minimizing any type
of exergy loss. Exergy loss is quantified and ther-
modynamically related to entropy production by the
Gouy-Stodola equation:

AE, =T, -As

amb tot ? (21)

where ASy is the entropy generation in the process.
Total exergy loss AE, represents the sum of the

individual exergy losses in these components:

AEtot = z AEi (22)
i=1

The exergy of ethylene reliquefaction E gg is
determined by the expression:
E_. =

LEG e “Cles

(23)
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_The .exergy efficiency of the ERP system is 7COP:COPERP—COPCRP 100% (25)
defined as: COP.,
c :1_£ﬁm (24) ¥, = Eere “Ecre 100% (26)
ZWad Ecrp
The performance improvement of the ERP The exergy analysis of the ERP system
system is evaluated in terms of energy efficiency COP  components was performed according to Egs. (27)-
and exergy efficiency &: (45) presented in Tables 3 and 4:

Table 3 — The exergy analysis of the ERP system components (bottoming cycle)

Bottoming cycle of the cascade (ethylene)
Component Equation
Cargo reciprocating Ey ‘ ‘
Compressor (IOW AEcljcsar = mela_s '(eel _ee2)+WcI,_cSar(ad) ! kW (27)
stage)
Cargo reciprocating B . _
compressor (high AE[S, =M (85 —6y )+ W, g » KW (28)
stage)
LPG heat exchanger — AE o =M (e, —€), KW (29)
Egk" A
Precooler TV AEpc = meHS '(ees _ees”)+ mrLS '(er8" _erl) ! kw (30)
ESF‘" ;
E R "
Condenser- ——aP A : HS ce
AE,, =" (6g —€, ) +M (g —€4 ), KW (31)
—— AN - 5~ Ces 9 6
evaporator o : ce e A ' A
Intermediate vessel — <—e- AE, =, (&, —€)+M.° (e, —€3), KW (32)
Expansion valve - b : .
EVplE Ey E, AEEVlE = m;a”k -(eeg, —eelo) . kw (33)
Expansion valve 5 & : .
EVpZE 2 i AB e = ;" '(eee —€ ) , kW (34)
Bottoming stage 2 .S LS | o tank - tank
ejecor AE =m°-e, —(MeS + ™ )-e g + ™ e, KW (35)
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Table 3 continuation

Component

Equation

Bottoming stage

separator AE, o = (> + ™ )-eg —ML° e ™ e, KW (36)
. . T
Tank AE e =M™ - (€40 — €100 ) + [1— Ta—m”J , KW (37)
LEG
Table 4 — The exergy analysis of the ERP system components (topping cycle)
Topping cycle of the cascade (propylene)
Component Equation
EZR < LS
Screw compressor Weetod 1S _ 1S S W
cser — o T\%r1 T 2 ¢,scr(ad) !
(low stage) AE;q =M (e1 =€)+ W (38)
A
Er
E4R + 1S
Screw compressor i “Hs _ o HS s
. AEc,scr =m"- (er3 —€y ) +Wc,scr(ad) , kKW (39)
(high stage)
A
Ey
E ) ’ QcondE " .
Condenser i d o | AE, =M (e, —64), KW (40)
A ]
il
H Elsk 9 E.‘J“ o - -~ HS = EV2 k
Economizer > > | AE, =m"-(e5—6,)+mM (s —&¢ ), KW (41)
* Eg
Expansion valve - . e
EVle Eg Ey AE,,n =M (8g —€,), KW (42)
Expansion valve - . .
EVpZR Eg E; AE_ . =7 "?-(e; -4 ) KW (43)
;ngol::]g Stage AEejR = m:—s . eﬂ _(mrLS + mf'e ) . erS + mf'e . erg" y kW (44)
Topping stage . . e , e
sep%?atgr ’ AE o = (P +107%) e~ e 165, KW (45)
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The exergy analysis of the components of the
CRP system is performed similarly. The calculated
results of CRM and ERP systems considering spe-

cific exergy parameters of material flows and mass
costs for the system components are presented in
Table 5.

Table 5 — The results of the ERP and CRP system exergy analysis

Value

Parameter CRP ERP

system | system
The exergy loss in the low stage of the cargo reciprocating compressor AEcycar"S, kW 20.10 | 20.37
The exergy loss in the high stage of the cargo reciprocating compressor AE¢ ey, KW 5.17 3.66
The exergy loss in the LPG heat exchanger AE | pg, KW 3.76 5.47
The exergy loss in the precooler Ay, KW - 191
The exergy loss in the condenser-evaporator AE,.e, KW 14.16 7.05
The exergy loss in the intermediate vessel AEjy, KW 7.59 2.33
The exergy loss in the expansion valve EV1F AEgyF, kW 3.97 ~0
The exergy loss in the expansion valve EV2F AEey,", kW 1.25 1.29
The exergy loss in the bottoming stage ejector AEq", KW - 2.50
The exergy loss in the bottoming stage separator AEsepE, kw - 0.20
The exergy loss in the tank Ay, KW 0.08 0.01

The exergy loss in the low stage of the screw compressor AE. o, KW 0 0

The exergy loss in the high stage of the screw compressor AE«, ", KW 5.33 4.48
The exergy loss in the condenser AE¢ong, KW 12.70 | 18.43
The exergy loss in the economizer AE., KW 6.59 244
The exergy loss in the expansion valve EV1R AEgy.", KW 5.75 ~0

The exergy loss in the expansion valve EV2® AEg,", KW 041 | 033
The exergy loss in the topping stage ejector AE", KW - 244
The exergy loss in the topping stage separator AEsepR, kw - 0.01
The total exergy loss in the system AEy, KW 86.87 | 73.00
The exergy efficiency of the system ¢ 0.48 0.56

6. Discussion of the results and conclusions

tive to the total exergy of the installation for each cycle.
In both cycles, the cargo reciprocating compres-

The paper presents the cycle analysis for the sor has the highest exergetic loss (29.0 and 34.1% for

actual CRP system and the proposed ERP system
from an energy and exergy efficiency point of view.
Figs. 6 and 7 illustrate the ratio of exergy losses rela-

he CRP and ERP cycles, respectively). For the CRP
cycle, the highest exergy loss is observed in the con-
denser-evaporator (16.3%).

CRP system

4.32%

16.3%

[ LPG heat exchanger
Condenser-evaporator
Intermediate vessel
Expansion valve EV2*

[ Expansion valve EV1®

B Tank

0.092% 6,1% 14.60% 7.58%

29.0% . .
Cargo reciprocating compressor

B Expansion valve EV1®
B Expansion valve EV2®
i Economizer
B Condenser

Screw compressor

6.6%
0.47%

Figure 6 — Distribution of exergy losses in the CRP system
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In the ERP cycle, the condenser is the most im-
perfect (26.0%). The total exergy loss in the expansion
devices of the CRP cycle is 13.07%, and the total

exergy loss in the expansion devices of the ERP cycle
is 9.34%. Exergy loss in the intermediate vessel is
8.7% (the CRP cycle) and 3.31% (the ERP cycle).

ERP system
2.71% 7.78%
0, 0,
B LPG heat exchanger 1.83?’731 % 4.1% Cargo reciprocating compressor
& Precooler Condenser-evaporator
Intermediate vessel 0. 34;0’47 B Condenser
Expansion valve EV2*F 0.14% Economizer
B Bottoming stage ejector 0.01% B Expansion valve EV2®
i) T()pplng stage ejector Screw compressor
l Topping stage separator 10.03% M Tank

B Bottoming stage separator

Fig. 8 shows the absolute values of exergy losses
in the components of the CRM and ERP systems. The
exergy losses in each component of the ERP system
are lower than the corresponding values in the CRP
system component. The exception is exergy losses in
the condenser and precooler. Replacement of throttle
devices led to a decrease in exergetic losses from 9.75
to 4.95 kW. Calculations have shown an increase in
the energy efficiency of the ERP system (COP) by
24.0% and the exergetic efficiency (g) by 16.0%.

Based on the results of calculations, it was con-
cluded that the proposed ERP system meets IMO requi-

26 B ERP system
24 Il CRP system

Exergy loss AE;, KW

Cli 5 C3 4 C5 6 €7 8 €9 c10C 12€C1314C15¢16C17

Component

26.2%
Figure 7 — Distribution of exergy losses in the ERP system

rements regarding vessel energy efficiency. But it should
be considered that the ejector is calculated for only
one mode. Any deviations from the calculated values
lead to a violation of the operating parameters of the
entire installation.

The operation of reliquefaction installation de-
pends on external factors (roll, deflector, outdoor air
temperature, seawater temperature, etc.) and therefo-
re requires reliable methods of regulating producti-
vity. For actual installations with ejectors, the per-
formance-adjusting way can be technically compli-
cated.

C1 - Cargo reciprocating compressor
C2 - LPG heat exchanger

C3 - Precooler

C4 - Condenser-evaporator

CS - Intermediate vessel

C6 - Expansion valve EV2*

C7 - Bottoming stage ejector
C8 - Bottoming stage separator
C9 - Tank

C10 - Screw compressor

C11 - Condenser

C12 - Economizer

C13 - Expansion valve EV2R
C14 - Topping stage ejector
C15 - Topping stage separator
C16 - Expansion valve EV1*
C17 - Expansion valve EVIR

Figure 8 — Exergy losses in components of CRM and ERP systems
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ITiosuwenns enepeemuunoi echexmusrnocmi cyoen-2a3o803ie muny LEG, modce Oymu 00CASHYMO WASAXOM
VOOCKOHANEeHHs NPOYeCiq YCMAHOBKU NOBMOPHO20 3pidicents gionaprozo 2azy (BOG) 6 okpemux ii ene-
Menmax. Y yvomy 00cniodcenHi NPOnOHyEMbCs 3aMIHUMU 36UYATIHULL NPOYEC NOBMOPHO20 3PIONCEHHS
(CRP) oiiicnoi yemanosku na LEG mankepi « ANTIKITIRA» 3 OpocenbHumu npucmposamu Ha elcexmop-
HUll npoyec nosmopHo2o 3pidxcenns (ERP) 3 0soghasnumu edxcexmopamu y sSKOCMI pO3UUPIOEATbHUX
NPUCMPOi8 018 NIOBUWEHHAM eHepeemUdHOl ehekmueHocmi yecmanosku. B zanpononosaniii cxemi opoce-
awui npucmpoi (EV2E i EV2Y) 6yno smineno na dsogasui excexmopu. Ilpayesdamuicms escekmopia 3a-
be3neueno 6CMAHOBICHHAM 000AMK08020 ODNAOHAKHA: Cenapamopie ma Nonepeorbo20 0X0A00HCY8aAld 8
HudcHbomy Kackadi. Cenapamopu niompumyoms ROCMIUHUL MUCK HA 86X00aX 8 KOMIPecopu, d nonepeo-
HIll 0X01002/CY8AY 3MEHULYE HABAHMAICEHHS HA KOHOeHcamop-sunapHuk. Pospobneno modens esxcexmopa
07151 aHAi3y 3anponorosanoi cucmemu. Ha niocmagi bazamosapiaumuux po3paxyHKie 8USHAYEHO po3pa-
XYHKOBULL MUCK Ha 6uxo0i i3 conna edxcekmopa. lIposedeno enepeemuuni ma excepeemudHi aHAnisu
yemanoeku ERP ma yemanosku CRP. 3a pe3ynemamamu excepeemuino20 aHanisy OYiHeHO 8NIUE KOIC-
HO20 KOMNOHeHmMA Ha eHepeemuyny epexmusnicmo cucmem CRP ma ERP. Bmpamu excepeii y KoocHomy
komnonenmi ERP nuoicui, Hidie 8i0nogioni snauenns y komnonenmax CRP. Bmpamu 6 kondencamopi ma
nonepeonvbomy oxonoodcysaui y komnonenmax CRP nuoicui, nioic y ERP. 3acanvna cnoscusana nomyoaic-
HICMb 00HAK08A 8 000X YUKIAX, A X0A000npodykmuenicms yuxiy ERP 30invuunaca na 29,1 kBm. 3amina
PO3UUPIOBATLHUX NPUCMPOI8 Npu3eena 00 3HUNCEHHS abCOMIOMHUX eKcepeemudnux empam i3 9,75 0o
4,95 kBm. Enepeemuuna epexmusnicmo ERP yukny 36invwunacs na 24%, a excepeemuuna eghexmus-
Hicmb 30invwunacsa na 16%. Hatlbinowi empamu excepeii 8 000X Yukiax cnocmepiearomuvcs y npoyeci
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CIMUCHEHHSI 8 0BOCTYHEHEeBOMY 6AHMAICHOMY KOMAPecopi HUudcHbo2o kackaody (29,0-34,1%). 3pobreno
BUCHOBOK, W0 3anpononosanuii yuxki ERP eionosioac eumocam IMO wooo enepeoeghexmuenocmi cyoen,

azne sumazae 000aAmMKOBUX KANIMATIbHUX 6KIAOEHb.

Kniouosi cnosa: Emunen; Excexmop; Excepeemuunuii ananiz; Ycmanoska nOSMopHO20 3Pi0ANCeHHs.
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