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The adverse effects of global warming and climate change require critical mea-
sures for marine refrigeration technology because of its impact on GHG emissions.
A novel transcritical CO, two-stage compression/ejector refrigeration cycle for
shipboard cold chamber is proposed in this research. A comparative analysis was
conducted between the basic transcritical CO, two-stage compression cycle and
the cycle equipped with a two-phase ejector considering the COP. Meanwhile, the
refrigeration cycle was analyzed using entropy analysis to elucidate the distribu-
tion of irreversible losses in each component of the two-stage compression/ejector
refrigeration cycle, and the effects of system parameters such as the evaporat-
ing and gas cooler outlet temperatures as well as the intermediate and discharge
pressures on the cycle were investigated. The results showed that the ejector had
the largest power capability loss, accounting for 26.95 % of the overall system,
which is followed by the low pressure compressor with 26.06%. The COP of basic
and ejector system significantly increase as the gas cooler outlet temperature and
intermediate pressure decrease as well as the evaporating temperature increases.
Furthermore, the entropy production of the system components decreases gradu-
ally with increasing evaporating temperature, with the greatest reduction in the
ejector. In addition, the entropy production of the two-phase ejector remains con-
stant with the increase of the high pressure side discharge pressure and gas cooler
outlet temperature.

Key words: energetic analysis, entropy analysis, COP,
transcritical CO; refrigeration cycle, two-phase ejector

Introduction

With the increasing awareness of environmental protection, climate issues are receiv-
ing more and more attention. The shipping industry accounts for more than 80% of the global
trade traffic and makes a tremendous contribution the world economy [1]. But on the other
hand, such a large volume of transportation leads to serious air pollution in regard to the ship’s
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exhaust gases. The shipboard cold chamber can be used to store food to meet the living demand
of the ship’s staff, which is one of the high energy-consuming equipment of modern ships [2].
Therefore, the ship’s energy saving and emission reduction is urgent.

Based on the greenhouse effect and ozone layer depletion, traditional CFC refriger-
ants are being phased out, while HCFC and HFC refrigerants are also being restricted. Nat-
ural refrigerants are increasingly favored in the refrigeration field. The CO, has made a big
impact in the refrigeration field with its excellent performance as a natural refrigerant. It has
excellent environmental performance: its global warming potential (GWP) is one, its ozone
depletion potential (ODP) is zero, it has a large latent heat of vaporization, it is non-toxic, it
has non-spontaneous combustion and is of low cost [3, 4]. Besides, the critical temperature of
CO,is 31.1 °C and the critical pressure is 7.38 MPa. Due to this thermodynamic characteristic,
most of the refrigeration systems using CO, operate in the transcritical region. We know that
the basic transcritical CO, refrigeration system brings a large throttling loss, so the measure
of using ejectors to recover energy is getting more and more attention from the researchers
[5]. In addition, the energy analysis method on the basis of the First law of thermodynamics,
which considers the COP of the refrigeration cycle as an evaluation index, cannot make an
assessment of energy loss and transfer direction. On the other hand, entropy analysis can make
a more comprehensive analysis of the energy utilization of the system [6].

Farzaneh et al. [7] studied the ejector and found that increasing the length and di-
ameter of the equal-area cross-section and reducing the diameter of the working nozzle throat
resulted in a 32% increase in the entrainment ratio and COP, and a decrease in total entropy
production. Ji et al. [8] analyzed the solar ejector refrigeration cycle using entropy analysis and
found that the collector and ejector accounted for the largest irreversible losses. In addition, for
a certain evaporating temperature, there is an optimum temperature at which the irreversible
losses of the whole solar ejector refrigeration cycle are minimized and the performance is opti-
mal, while the other operating parameters of the system remain unchanged. Ramirez-Minguela
et al. [9] performed an entropy generation analysis of a solid oxide fuel cell and found signifi-
cant differences in local and global entropy generation in different cases. A two-stage CO, tran-
scritical mechanical compression cooling cycle with an ejector was investigated by Volodymyr
et al. [10]. It was found that compared with the conventional system, the efficiency of the two-
stage CO, transcritical mechanical compression chiller is increased by 32.7% in transcritical
operating conditions at high ambient temperatures. Zeng et al. [11] used a multi-parameter
optimization approach to thermodynamically analysis the dual-ejector cycle and compared it
with a conventional two-stage transcritical CO, refrigeration cycle. It was found that the COP
of the transcritical CO, refrigeration cycle with double ejectors is on average about 42% higher
than that of the conventional cycle.

This paper proposes a novel transcritical CO, two-stage compression/ejector refriger-
ation cycle for shipboard cold chamber with an ejector placed between the low pressure com-
pressor and high pressure compressor in an attempt to increase the suction pressure of the low
pressure compressor and further improve the system performance. In this paper, the transcritical
CO, two-stage compression refrigeration system with an ejector is studied theoretically using
energy analysis and entropy analysis, and compared with the basic transcritical CO, two-stage
compression refrigeration system. The entropy production distribution of each component in
the compression/ejector two-stage refrigeration system and the effects of gas cooler outlet tem-
perature, evaporating temperature, intermediate and discharge pressures on the system COP
and component entropy production were also investigated. The purpose of this research is to
propose a novel two-stage transcritical CO, cycle equipped with a two-phase ejector for ship-
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board cold chamber and also to provide some guidance for energy saving and emission reduc-
tion of marine refrigeration systems.

System description and modelling
System description

Figure 1(a) depicts the schematic diagram of a conventional transcritical CO, two-
stage compression refrigeration cycle (CTRC), and the corresponding pressure-enthalpy dia-
gram of the CTRC system is presented in fig. 1(b). As illustrated in fig. 1(a), the CTRC system
consists of seven components, including a gas cooler, a high pressure expansion valve (HP
EV), an intercooler (or a simple mixer/phase separator), a high pressure (HP) compressor, a
low pressure (LP) compressor, a low pressure expansion valve (LP EV) and an evaporator. The
working principle of the CTRC system is as: Saturated vapor from the outlet of the evaporator
(state Point 1) is compressed by a LP compressor into superheated vapor (state Point 2), which
then passes into the intercooler. Saturated vapor from the outlet of the intercooler (state Point 3)
is compressed into HP and high temperature vapor (state Point 4) by a HP compressor, and then
passes through the gas cooler for constant pressure cooling. The supercritical fluid from the
outlet of the gas cooler (state Point 5) is depressurized through a HP EV (state Point 6) and then
enters the intercooler. In addition, the saturated fluid from the outlet of the intercooler (state
Point 7) passes through the LP EV for depressurization (state Point 8) and enters the evaporator.
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Figure 1. The schematic diagram for the CTRC system (a)
and the corresponding pressure-enthalpy diagram (b)

Figure 2(a) exhibits the schematic diagram of a novel transcritical CO, two-stage
compression/ejector refrigeration cycle (TERC) for shipboard cold chamber, and fig. 2(b)
demonstrates the corresponding pressure-enthalpy diagram of the TERC system. As shown in
fig. 2(a), the TERC system is composed of a gas cooler, a HP EV, an intercooler (or a simple
mixer/phase separator), a HP compressor, a LP compressor, a LP EV, a two-phase ejector, an
evaporator and a gas-liquid separator. The TERC system works as: The saturated vapor (state
Point 3) from the intercooler outlet is split into two portions. One portion of the fluid is com-
pressed into HP and high temperature vapor (state point 4), and then circulates through the gas
cooler for constant pressure cooling. The supercritical fluid-flowing from the gas cooler (state
Point 5) is depressurized through the HP EV (state Point 6) and enters the intercooler. Another
portion of the fluid enters the two-phase ejector as the primary flow (process 3-11) to entrain the
saturated vapor from the evaporator (process 9 and 10). These two fluids are mixed and pres-
surized through the two-phase ejector (process 11-13), and then enters the gas-liquid separator.
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The saturated vapor (state Point 1) from the gas-liquid separator outlet is compressed into me-

dium pressure and temperature vapor (state Point 2) and then enters the intercooler. In addition,

the saturated liquid (state Point 7) from the intercooler outlet is depressurized through the LP

EV (state Point 8) and enters the evaporator. The performance of the TERC system is simulated

using a thermodynamic analysis method, while the entropy production of the TERC system and

its components is calculated. Meanwhile, the performance of the TERC system was compared

with that of the CTRC system. The model proposed in this work is based on conservations of

mass, momentum and energy. In addition, a 1-D isobaric mixing model is used for the perfor-

mance analysis of the two-phase ejector. To simplify the thermodynamic analysis model, we

made the following assumptions for the CTRC and TERC systems:

— The CTRC and TERC systems are assumed to operate under steady-state conditions [12].

— The flow in the two-phase ejector is treated by a 1-D flow model [13].

— The throttling processes of the HP and LP EV are isenthalpic.

— The compression process in both HP and LP compressor is an adiabatic and irreversible one.

— The pressure drop and heat loss of the refrigerant in the pipe-line are neglected [14].

— The working fluids leaving the evaporator, intercooler and gas-liquid separator are saturated.

— The kinetic energy at the inlet and outlet of the two-phase ejector is negligible [15].

— Generally, the isentropic efficiency of the working nozzle, mixing chamber and diffuser of
the two-phase ejector is constant [16].
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Figure 2. The schematic diagram for the TERC system (a)
and the corresponding pressure-enthalpy diagram (b)

Two-phase ejector model

The ejector mainly consists of four parts, which are the working nozzle, the receiving
chamber, the mixing chamber and the diffuser. Generally, the entrainment ratio, x, can be used
to asses performance of the two-phase ejector in terms of the TERC system [17].

The u demonstrates the ability of the primary fluid to entrain the secondary fluid:

_ 7’}'19 _ hn,in _hn,out,is _1 1
H .11 ﬂn’]mnd h h ( )

d,out,is - ‘m,out

where parameters 71, and 71, are the mass-flow rates of the secondary and primary fluid of the
two-phase ejector, respectively, 7., #m, and 74 — the efficiency of the working nozzle, mixing
chamber and diffuser, £,;, and A, ., — the refrigerant specific enthalpy at the inlet of the working
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nozzle and at the outlet of the mixing chamber, respectively, and £, oy and /4. s — the ideal outlet

specific enthalpy at the working nozzle and diffuser after an isentropic process, respectively [18].
According to the principle of conservation of energy, ignoring the kinetic energy at

the inlet of the two-phase ejector, the energy balance at the working nozzle can be expressed:

1
hy = h, +5qu ()

where /; and /4, are the specific enthalpy of the primary flow entering and leaving the working
nozzle, respectively.
The isentropic efficiency of the working nozzle 7,

=—f_ f: 3)
3 1s
where /1, stands for the ideal exiting specific enthalpy through an isentropic expansion process
in the working nozzle.
Since the kinetic energy of the secondary flow at the inlet of the suction chamber of
the two-phase ejector is neglected, the energy balance of the suction chamber can be expressed:

U

1
hy = hy, +5u120 “4)

where /o and £y, are the specific enthalpy of the secondary flow entering and leaving the work-
ing nozzle, respectively.

The isentropic efficiency of the suction chamber 7, can be expressed:
— h9 — hl() ( 5)

h9 - h105

where £, 1s the ideal exiting specific enthalpy through an isentropic expansion process in the
suction chamber.

The steady-state steady flow energy equation can be expressed by eq. (6) in the mix-
ing section:

Us

1 1 1
,uhm+hll+zyu120+§u121 :(1"'#)(5”122"']112) (6)

where the secondary flow velocity u, is the negligible compared with the primary flow velocity
i1, S0 eq. (6) can be simplified:

1 1
Mg +hy, +E”121 = (1+ﬂ)(5”122 +h12j (7

The energy dissipation during the mixing process in the mixing chamber is consider
in this research, so the mixing velocity:

— ull
Mo =T ™ )
Based on the principle of conservation of energy, the specific enthalpy of the mixed
flow leaving the diffuser can be expressed:

1
h13 = hlz +E”122 ©)

where 4, and &5 are the specific enthalpy of the mixing flow entering and leaving the diffuser,
respectively.
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The isentropic efficiency of the diffuser #,4 can be expressed:

hl3s _h12
ny == 10
‘ h13 _hlz ( )

where 4, is the ideal exit specific enthalpy for an isentropic expansion process within a diffu-
sion process.

It is important to note that since the steady-state operation of the TERC system is
bounded by mass conservation, the quality of the mixing flow, x, at the outlet of the diffuser and
1 of the two-phase ejector should meet the correlation [19]:

1
X =— 11
T a an

Energetic model

According to the aforementioned assumptions and the equations of conservation of
mass, momentum and energy, the basic equations for the components of the TERC system can
be obtained. The heat balance of the gas cooler can be expressed:

Qgc =iy (hy —hs) = my, (b5 —hy,) (12)
The input powers of the LP and HP compressor:
 hy —h
Wipon == : (13)
e em
_h, —h
Wip oy = 1——— (14)
e cm
The total compressor input power can be expressed:
Weru =Wioen *Wipeu (15)
The LP and HP compressor efficiencies:
Mooy =1.003-0.12122 (16)
P
_ b,
Mypom = 1.003-0.121— (17)
b;
The refrigeration capacity of the evaporator can be represented:
Q,, = rity(hy —hy) (18)

The heat balance relationship of the intercooler can be expressed:
tighg + 1y hy = rshy + i hy (19)
The TERC system COP can be obtained:

9
COP = W (20)

CM
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Entropy production model

Entropy can be transferred with heat and mass migration and can arise spontaneously
in an irreversible process. It only increases during energy transfer and conversion, and the lim-
iting case, i.e., the entropy production in reversible processes, is zero. Entropy is a measure of
the degree of irreversibility, so the entropy analysis method can clearly represent the degree of
irreversibility of each component and system [20, 21]. The general expression of the entropy
equation for the open system of the irreversible process:

dch :5?Q+Z(Si5mi )in _Z<Sj5mj)om +5Sg (21)

The entropy analysis method can clearly represent the degree of irreversibility of each
component and system, and the TERC system entropy balance equation:

Lo Lo 55y 22)
]:gcef evef

where T acer a0d T ...t denote the effective reservoir temperature of the fluid-flowing through the
exterior of the gas cooler and evaporator, respectively. The temperatures and can be expressed:

T h14 _h15
T =
st Si4 =S5 23)
= h—h
T;ve — 16 17 (24)
' Si6 ~ 817
For the gas cooler:
. 1 1
S, =0, {_——_—J (25)
¢ ¢ Tgcef Tjgc
For HP and LP EV:
OSyppy = Mg(s = 55) (26)
OS ppy = Mg(s5— ;) (27)
For HP and LP compressors:
OSip em = 11, (8, = 53) (28)
OSpem =11, (8, = 5) (29)
For the evaporator and the ejector:
. 1 1
5S = —_ =
o = Qo [T T j (30)
5Seje = (14 pmy, 5,5 — pmmy sy — 1y, 55 (€29)]
For the gas-liquid separator and the intercooler:
5Ssep = (14 g, 8,5 — iy, s, (32)
08, = Mys, + 1,8, — S, —H,S, (33)

To compensate for the energy loss in the irreversible process, the additional work is:

AW =T,AS, (34)
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Results and discussion

Based on the previous models, the relevant simulation program was written in en-
gineering equation solver, the thermodynamic properties of the refrigerant were obtained by
REFPROP 9.0, the thermodynamic parameters were calculated for all state points. The per-
formance of the TERC and CTRC systems were compared and an entropy production analysis
was carried out for the TERC system. In the simulations, the operating conditions range the
gas cooler outlet temperature is in the range of 30~38 °C, the pressure p,. of the gas cooler is
in the range of 8~10 MPa and the evaporation temperature is in the range of —40 °C ~ -25 °C.
In addition, the efficiencies of the ejector components are: 7, = 0.85, #,= 0.90, #,, = 0.90, and
na=0.85.

Performance comparisons between TERC and CTRC system

This section investigates the effect of gas cooler outlet temperature, 7., and evapo-
rating temperature, 7,, on the CTRC system COP, TERC system COP and component entropy
generation over the variation range of 7, = 30~38 °C and 7., = 25 °C ~ —40 °C under the con-
ditions of pg; = 9.3 MPa and p;, = 4.1 MPa. It is observed in figs. 3(a) and 3(b) that, as the gas
cooler outlet temperature decreases and evaporating temperature rises, the TERC and CTRC
system COP significantly increase. Meanwhile, it can be found that the changes in COPrgrc and
COPcrre with evaporating temperature are greater than that with gas cooler outlet temperature.
Furthermore, as the evaporating temperature ranging from —40 °C to —25 °C, the LP compressor
power consumption and the cooling capacity decrease, resulting in an increase in COPrgre and
COPcrge. In addition, the reduction in gas cooler outlet temperature brings about a decrease
in HP compressor power consumption and an increase in COPrgre and COPcrre. Taking the
TERC system as an example, when the gas cooler outlet temperature decreases from 38-30 °C
under the condition of 7., =—35 °C, the COP increases from 0.4-0.4464 (11.6% improvement).
Also, when the evaporating temperature increases from —40 °C to —25 °C under the condition of
T, = 34 °C, the COP increases from 0.3531-0.6877 (94.8% improvement). The analysis in-
dicates that the COPrgrc and COPcrre decrease by 0.0071-0.0013 and 0.0055-0.0012, respec-
tively, for every 2 °C increase in the outlet temperature of the gas cooler and evaporating
temperature. As illustrated in fig. 3(c), when the gas cooler outlet temperature increases from
30-38 °C, the dcop slowly decreases. Meanwhile, the dcop gradually declines as the evaporator
temperature decreases. It can be attributed to that the COP increases with the rise of evaporating
temperature, and the higher the evaporating temperature, the faster the rate of COP increase.
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Figure 3. Effects of gas cooler outlet temperature and evaporating temperature on the
TERC system COP (a) and CTRC system COP (b) as well as variation of dcop With
evaporating temperature and gas cooler outlet temperature (c)
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Under the same conditions, when the evaporating temperature increases, the work consumed
in the compressor per unit mass of refrigerant decreases, and the COP of the system is then
improved. Furthermore, COPrgrc increases faster than COPcrrc When the gas cooler outlet tem-
perature remains unchanged.

This part investigates the effect of intermediate pressure p;, and discharge pressure
pais on the CTRC system COP, TERC system COP and component entropy generation over the
variation range of p;, = 3~5 MPa and py;; = 8~10 MPa under the conditions of p., = 1.2 MPa and
T, =35 °C. It is observed in figs. 4(a) and 4(b) that, as the discharge pressures rises, the TERC
and CTRC system COP shows a trend of increasing and then decreasing. What’s more, the rate
of increase of COPrgre and COPcrpe are greater than the rate of decrease, and there is an ex-
treme value point. This extreme point is the maximum value of COP, and its corresponding dis-
charge pressure is the optimal discharge pressure of the system. This is mainly because: when
Pais 1s lower than the optimal discharge pressure, the increase rate of heat release per unit mass
of refrigerant in the gas cooler is larger than the increase rate of compressor power consump-
tion; when pg; is higher than the optimal discharge pressure, the increase rate of heat release
per unit mass of refrigerant in the gas cooler is smaller than the increase rate of compressor
power consumption. At the same time, it can be found that the intermediate pressure also affects
COPrgre and COPcrre to some extent. Taking the TERC system as an example, when the dis-
charge pressure increases from 8-10 MPa under the condition of p;, =4 MPa, the range of vari-
ation of the maximum COP is 0.3745-0.4378. Also, when the intermediate pressure increases
from 3-5 MPa under the condition of pg, = 9.0 MPa, the range of variation of the maximum
COPis 0.3531-0.5721. As illustrated in fig. 4(c), when the intermediate and pressures increases
from 3-5 MPa, the dcop shows a clear downward trend. At the same time, the dcop gradually
raises as the discharge pressure increases.
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Figure 4. Effects of intermediate and discharge pressures on the TERC system COP (a) and
CTRC system COP (b) as well as variation of dcop With intermediate and discharge pressures (c¢)

This section investigates the effect of intermediate pressure, p;,, and evaporating tem-
perature, 7.,, on the CTRC system COP, TERC system COP and component entropy generation
over the variation range of p;, = 3~5 MPa and T,, = 25 °C ~ —40 °C under the conditions of
Pais = 9.3 MPa and T, = 35 °C. It is observed in figs. 5(a) and 5(b) that, as the intermedi-
ate pressure decreases and evaporating temperature rises, the TERC and CTRC system COP
significantly increase. Furthermore, as the evaporating temperature ranging from —40 °C to
—25 °C, the LP compressor power consumption and the cooling capacity decrease, resulting
in an increase in COPrgre and COPerge. In addition, the increase of the intermediate pressure
brings about a decrease in COPrgrc and COPcrgre. Although the power consumption of the LP
compressor increases and the HP compressor power consumption decreases, the total power
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consumption of the compressor is increased. At the same time, we can find that the TERC
system COP varies more with the intermediate pressure compared to the CTRC system COP.
Taking the TERC system as an example, when the evaporating temperature increases from
—40 °C to —25 °C under the condition of p;, = 4 MPa, the COP increases from 0.3649-0.7167
(96.4% improvement). Also, when the intermediate pressure decreases from 5-3 MPa under the
condition of 7,, = =35 °C, the COP increases from 0.2912-0.7619 (161.6% improvement). As
demonstrated in fig. 5(c), when the intermediate pressure increases from 3-5 MPa, the dcop has
a significant decreasing trend. The evaporating temperature decreases, the degree of decline of
the curve tends to level off. At the same time, as the evaporating temperature decreases, dcop
shows a decreasing trend.
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Figure 5. Effects of intermediate pressure and evaporating temperature on the TERC
system COP (a) and CTRC system COP (b) as well as variation of dcop With intermediate
pressure and evaporating temperature (c)

Entropy analysis of TERC system

Table 1 lists the thermodynamic data of the working fluid when the TERC system is
operated under real conditions. Based on the aforementioned actual working conditions, this
work focuses on the analysis of the cycle components and the power capacity loss of each
process. The entropy analysis method was used to obtain the distribution of the power capa-
bility loss of the whole cycle process and components as illustrated in fig. 6. It can be noticed
that the power capability loss of the ejector is the largest, accounting for 26.95% of the power
capability loss of the whole system. This was followed by the LP compressor, which account-

_ 20 o v 8 edfor 26.06%. After these two-components, the
£ :2: ] 77 2 other components contribute in the following or-
E ol ropyproduten | . 16 §  der: HP EV, HP compressor, 1nterc§)(_)ler, LPEV,
Sl L\ {5 £  evaporator and gas cooler. In addition, we can
Tg’m» 1003 lg 8 find that the total power capability loss for all
z 8l i 200 13 S components of the TERC system is 20.87 kW.
£ 6f “ 1 £ Under the same working conditions, the total
- ::m 278 " m_1 “  power capability loss for all components of the
LB W B . CTRC system is 28.16 kW. We know that the
omeoclet WPE P omesorcomptesor T ST ek greater the power capability loss of a system, the
Figure 6. Schematic diagram of entropy greater the degree to which thermodynamically

production and distribution of power irreversible processes are taking place, and the
capability loss among all components for the

TERC system lower the energy grade and availability.
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Table 1. Thermodynamic properties of the TERC system at
different state points under real conditions

Location Fluid m [kgs™!] T[°C] p [MPa] h[klkg'l | s [kJkg'K']
1 CO, 0.447 —22.886 1.8 437.04 1.9628
2 CO, 0.447 44.254 4.1 484.22 2.0036
3 CO, 0.684 6.2695 4.1 426.44 1.8086
4 CO, 0.302 74.569 9.3 468.77 1.8418
5 CO, 0.302 35 9.3 295.43 1.3030
6 CO, 0.302 6.2695 4.1 295.43 1.3397
7 CO, 0.065 6.2695 4.1 215.78 1.0547
8 CO, 0.065 -35.057 1.2 215.78 1.0974
9 CO, 0.065 -35.057 1.2 436.22 2.0233
10 CO, 0.065 —44.135 0.86 424.89 2.0288
11 CO, 0.382 —44.135 0.86 382.26 1.8427
12 CO, 0.447 —44.135 0.86 387.26 1.8645
13 CO, 0.447 —22.886 1.8 416.83 1.8820
14 Water 0.530 26 0.101325 109.10 0.38120
15 Water 0.530 65 0.101325 272.18 0.89361
16 Air 2.849 =25 0.101325 248.15 6.6757
17 Air 2.849 =30 0.101325 243.12 6.6552
0 Air - 25 0.101325 298.45 6.8603

The fact that the maximum power capacity loss occurs in the ejector suggests that
more attention should be given to the design of the ejector to reduce irreversible losses, which
can significantly improve system performance. The generation of irreversible losses in the ejec-
tor can be attributed to the following. Firstly, as the primary flow passes through the working
nozzle, it undergoes a non-ideal adiabatic process due to friction and incurs irreversible losses.
Secondly, the entrainment ratio of the ejector can have a large impact on system losses. If the
entrainment ratio is low, it will result in higher working fluid-flow, as well as increase the fluid
and ejector friction, thus causing a larger power capacity loss. Therefore, the proper design of
the ejector is the key to reduction of system losses. In addition, the power capacity loss of the
gas cooler, evaporator and intercooler are all caused by unequal heat transfer. Further improv-
ing the heat transfer performance of these components can effectively reduce the power capac-
ity loss of the whole TERC system.

Figure 7(a) exhibits the effect on the entropy production of each component in the
TERC system by the gas cooler outlet temperature under the conditions of 7., = =35 °C,
Pais = 9.3 MPa and p;, = 4.1 MPa. From fig. 7(a), it can be observed that the entropy production
of the HP EV and HP compressor increases as the gas cooler outlet temperature raises. This is
because the throttling pressure drop of the high pressure supercritical CO, fluid occurs in the HP
EV, and the friction loss of this process increases sharply as the temperature of the supercritical
CO, fluid increases. The increase in the outlet temperature of the gas cooler increases the flow
of CO, fluid through the HP compressor, leading to an increase in its entropy production. In
addition, the entropy production of the gas cooler decreases slightly. Apart from the HP EV, HP
compressor and gas cooler, the entropy production of other components is basically unchanged.
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Figure 7. Effect on the entropy production of each component in the TERC
system by the gas cooler outlet temperature (a), evaporating temperature (b),
discharge pressure (c), and intermediate pressure (d)

Figure 7(b) demonstrates the effect on the entropy production of each component in the TERC
system by the evaporating temperature under the conditions of 7, = 35 °C, pgi; = 9.3 MPa, and
Pin = 4.1 MPa. As can be seen from fig.7(b), with the increase of the evaporating temperature,
the entropy production of the main components of the system are reduced to different degrees.
The most obvious trend is the decrease of the entropy production of the ejector, while the total
entropy production of the system is also reduced. This is because the increase of the evaporat-
ing temperature, the entrainment ratio and the performance coefficient and mechanical perfor-
mance coefficient of the system are increased, and the temperature difference with the room
temperature is reduced, and the irreversible loss caused by the system isothermal heat transfer
is reduced. Meanwhile, fig. 7(c) exbibits the effect on the entropy production of each com-
ponent in the TERC system by the discharge pressure under the conditions of p., = 1.2 MPa,
Pais = 9.3 MPa, and p;, = 4.1 MPa. As can be seen from fig. 7(c), with the increase of discharge
pressure, the entropy production of the HP EV decreases. This can be attributed to the decrease
in flow through HP EV. When the discharge pressure is higher than 8.5 MPa, the entropy pro-
duction of the gas cooler and HP compressor rise slowly with the increase of discharge pressure.
Obviously, the rise in discharge pressure increases the compressor power consumption and irre-
versible losses. Furthermore, the discharge pressure has basically no effect on the entropy pro-
duction of the LP compressor, ejector, intercooler, LP EV and evaporator. Figure 7(d) reveals
the effect on the entropy production of each component in the TERC system by the intermediate
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pressure under the conditions of p., = 1.2 MPa, p4s = 9.3 MPa, and T, = 35 °C. It can be seen
that as the intermediate pressure raises, the entropy production of the ejector, HP compressor,
LP compressor, LP EV and gas cooler increases. The main cause of entropy production in two-
stage ejector is the non-ideal adiabatic expansion of the working fluid as it passes through the
working nozzle of the ejector, as well as the frictional collision of the working fluid when the
primary and secondary fluids mix with each other in the supersonic flow regime.

Conclusions

The thermodynamic performance of this two-stage compression/ejector refrigeration
system is analyzed in terms of energy and entropy, and the influence of the main operating
parameters such as gas cooler outlet temperature, exhaust pressure, intermediate pressure and
evaporation temperature on the system performance is discussed in detail and compared with a
CTRC system under the same operating conditions. Concluding remarks are as follows.
® Asthe gas cooler outlet temperature decreases and evaporating temperature rises, the TERC
and CTRC system COP significantly increase. Meanwhile, the analysis indicates that the
COPTERC and COPCTRC decrease by 0.0071-0.0013 and 0.0055-0.0012, respectively, for
every 2 °C increase in the outlet temperature of the gas cooler and evaporating temperature.

® Interms of TERC system, when the discharge pressure increases from 8-10 MPa under the
condition of p;, = 4 MPa, the range of variation of the maximum COP is 0.3745-0.4378.
Also, when the intermediate pressure increases from 3-5 MPa under the condition of
Pais = 9.0 MPa, the range of variation of the maximum COP is 0.3531-0.5721.

® The entropy analysis of the TERC system shows that the ejector has the largest entropy
production, accounting for 26.95% of the whole system, followed by the low pressure com-
pressor with 26.06%. The system can be adjusted to the changing operating conditions using
two or more stage ejectors to maintain optimum system performance.

® In addition, the performance of the ejector does not depend on the outlet temperature of the
gas cooler or the discharge pressure of the high pressure stage. However, it decreases signifi-
cantly with increasing evaporating temperature and increases significantly with increasing
intermediate pressure.
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Nomenclature

h  —specific enthalpy, [kJ/kg] W — compressor input power, [kW]
r — mass-flow rate, [kg/s] x —quality of the flow
p —pressure, [MPa]

O., — refrigeration capacity of the evaporator, [kW] Greek symbols

O, — heat release of the gas cooler, [kW] n —efficiency

S —entropy, [kJ/K] 4 — entrainment ratio
s —specific entropy [kJkg K] )

T - effective reservoir temperature, [°C] Subscripts

T —temperature, [°C] CM — compressor

u —velocity, [m/s] cv  — control volume
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d —diffuser is — isentropic process
dis — discharge k —component

ev — evaporator LP — low pressure

eje — ejector m — mixing chamber
evef — fluid at the exterior of the evaporator n —working nozzle

g —gas out — outlet

gc — gas cooler s — suction chamber
geef — fluid at the exterior of the gas cooler sep — gas-liquid separator
HP — high pressure Sys — system

i,j —location 1-17 — state point

in —inlet/intermediate 0 —reference condition

inl — intercooler
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