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Abstract: Carbon dioxide has received increasing attention owing to its zero ODP and negligible GWP.
Furthermore, carbon dioxide also has desirable thermodynamic properties, such as large specific heat, low
viscosity, and large heat conductivity. Carbon dioxide CO, has low critical pressure and temperature which are
7.36 MPa and 31.1°C, respectively. The low critical temperature causes the heat rejection process to occur
above the critical point and heat absorption process to happen below the critical point. However, due to the
high throttling loss, the energy efficiency of the basic transcritical CO, cycle is lower than that of the
conventional low pressure refrigeration cycle. In the present study three different kinds of transcritical carbon
dioxide cycles that are the transcritical cycle with expansion valve (called also the conventional transcritical
cycle), the transcritical cycle with expander and the transcritical cycle with ejector are analyzed. The effect of
operating parameters on the maximum performance and exergy efficiency of the three cycles is investigated.
Results reveal that replacing the expansion valve by an expander or an ejector does not only improve the
maximum COP and the exergy efficiency but also reduces the optimal heat rejection pressure.

Keywords: Transcritical, CO, Refrigeration Cycle, Expansion, COP, Exergy.

Farkh Transkritik CO; Sogutma Cevrimlerinin Enerji ve Ekserji Analizleri

Oz: Karbon dioksit sifir ODP ve ihmal edilebilir GWP'ye bagli olarak artan ilgiye sahip olmustur. Ayrica,
karbon dioksit ayrica bilylik 6zgiil 1s1, diisiik viskozite ve biiyiik 1s1 iletkenligi gibi arzu edilen termodinamik
ozelliklere sahiptir. Karbondioksit CO,, sirasiyla 7.36 MPa ve 31.1 °C olan disiik kritik basing ve sicakliga
sahiptir. Disiik kritik sicaklik, kritik noktanin iizerinde gergeklesmesi icin kritik reddetme isleminin ve 1s1
emme isleminin ger¢eklesmesine neden olur. Bununla birlikte, yiiksek bastirma kaybina bagli olarak, temel
transkritik CO, dongiisiiniin enerji verimliligi, geleneksel diisiik basingli sogutma dongiisiinden daha distiktiir.
Bu calismada, genlesme valfi (geleneksel transkritik ¢evrim olarak da adlandirilir) ile transkritik dongii olan ii¢
farkli transkritik karbon dioksit dongiisii, genlestirici ile transkritik dongii ve ejektor ile transkritik dongii analiz
edilmigtir. Caligma parametrelerinin ii¢ ¢evrimin maksimum performansi ve ekserji verimliligi {izerindeki etkisi
aragtirtlmistir. Sonuglar, genlesme vanasinin bir genigletici veya bir ejektor ile degistirilmesinin sadece
maksimum COP'yi ve eksi verimi arttirmayr degil, ayn1 zamanda optimal 1s1 reddetme basincini da
diistirdiiglinii ortaya koymaktadir.
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1. Introduction

Because of the ozone depletion caused by chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) followed by the global warming impact of hydrofluorocarbons
(HFCs), the use of natural refrigerants has attracted worldwide attention. As a natural refrigerant,
carbon dioxide has an ODP of zero and negligible GWP therefore this working fluid has become an
important alternative [1]. Many researchers reported that the use of carbon dioxide as a refrigerant
gives the impression to be the most promising alternative [2-7]. The low critical temperature of 31.1
°C of carbon dioxide and the surrounding environment temperature, which is typically higher than
carbon dioxide critical temperature, were the main reasons that have led to the development of
transcritical carbon dioxide cycle in which the process of evaporation remains subcritical and the
process of heat rejection is not any more condensation through condenser, but supercritical vapor
cooling with another kind of heat exchangers which is called gas cooler. Lorentzen and Pettersen
[8] through a pioneering work have proved that the problem of low critical temperature of carbon
dioxide can be effectively overcome by rejection the heat in the supercritical region. Many
researchers [3-7] reviewed the recent development for transcritical CO; cycle technology in
refrigeration, heat pump, automobile air-conditioning, and residential air-conditioning systems
applications in details. The transcritical cycle gives low performance compared to the traditional
vapor compression cycle (subcritical cycle).

One of the improvements to the vapor compression cycle is the use of expander instead of
expansion valve. Based on the first and second laws of thermodynamics, Yang et al. [8] performed a
comparative study for the transcritical carbon dioxide refrigeration cycles with an expansion valve
and with an expander. It is found that the COP and exergy efficiency of the expander cycle are on
average 33% and 30% higher than those of the expansion valve cycle respectively. Zhang et al [9]
presented the state of the art for recent literature concerning various two-phase expanders in
transcritical CO, refrigeration cycles and reviewed the integration concepts for the expander in
transcritical CO; refrigeration cycle. In a recent comparative study, Shariatzadeh et al [10] found
that the use of expander has a privilege over that of expansion valve from energy point of view.

Employing an ejector as expansion device is also one of the alternative ways of improving
transcritical cycle performance. Nowadays, ejector has been received more attention due to its
noticeable benefits, such as no moving parts, low cost and low maintenance requirements. As a
result, a lot of theoretical and experimental studies about ejector transcritical CO, refrigeration
cycles have been performed. The research results prove that use of ejector as an expansion device in
transcritical CO; cycle is considered a promising cycle modification to increase the system
performance [11-17]

Based on the published literatures mentioned previously, it can be see that the two dominant
modifications of the single stage leading to enhance the performance of the CO, transcritical cycle
were the use of expander or ejector as an expansion device instead of expansion valve.

The aim of this paper is to carry out a comparative theoretical study among three different
transcritical carbon dioxide cycles that are the conventional transcritical cycle (called also the base
cycle, which is the transcritical cycle with expansion valve), the transcritical cycle with expander
and the transcritical cycle with ejector.
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2. Description of Transcritical Carbon Dioxide Configurations Materials

A typical transcritical carbon dioxide refrigeration cycle consists of a compressor, a gas cooler, an
evaporator and an expansion device, which is an expansion valve. The schematic of the transcritical
cycle with expansion valve is shown in Figure 1.

The transcritical cycle operating principle is as follow: From suction line at state (1), the working
fluid enters the compressor where it is elevated to high-pressure and high-temperature
corresponding state (2). The high-pressure vapor leaving the compressor flows through the gas
cooler rejecting heat to the environment, afterward the cooled supercritical CO, refrigerant at state
(3) flows into the expansion valve, where it is throttled to low-pressure and low-temperature state
(4). Finally after absorbing heat from the cold space in the evaporator, the refrigerant evaporates
and re-enters the compressor at state (1).

3 Gas cooler 2
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valve
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Figurel. Schematic of the transcritical cycle with expansion valve

The schematic of the transcritical cycle with expander is presented in Figure 2. In the transcritical
refrigeration cycle with expander, the vapor from evaporator is compressed to supercritical pressure
(1-2), then rejected heat to the surrounding environment via gas cooler and flows through expander
to be expanded from supercritical pressure to subcritical.
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Figure 2. Schematic of the cycle with expander

549



ECJSE 2018 (2) 547-555 Energy and Exergy Analyses of Different Transcritical CO,...

The transcritical carbon dioxide cycle with ejector consists of a compressor, a gas cooler, an ejector,
a separator, an expansion valve and an evaporator.

The schematic diagram of the transcritical system with ejector is shown in Figure 3. The ejector
includes a motive nozzle, a suction chamber, a mixing section and a divergent diffuser.

3. Thermodynamic Analysis

In order to investigate these cycles the following assumptions are made:
- There are no pressure losses in pipes and heat exchangers.
- The flow across the expansion valve is isenthalpic.
- The ejector entrainment ratio, U (mg/my) is defined as the ratio of the ejector suction mass flow rate to
the motive mass flow rate.
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Figure 3. Schematic of the transcritical cycle with ejector

Energy analysis

The cycle performance is evaluated by its coefficient of performance COP, which is defined as the
ratio of the cooling capacity (ge) to the power consumption of compressors (W):

COP = f? (1)
Where the power consumption of the compressor “W” is calculated as:

For the conventional cycle and the cycle with ejector

W=W, (2)
For transcritical cycle with expander

W=Wc-Weyp (3)

Where:
Wy IS the work generated by the expander

Exergy analysis
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The refrigeration cycle includes various irreversible processes. Exergy or availability of a system at
given state represents its maximum work potential. Therefore, the exergy loss provides a very
important criterion to evaluate the thermodynamic performance of a system [12].

Exergy analysis is usually aimed to determine the maximum performance of the system and identify
the locations of exergy destruction and to show the direction for potential improvements [18].

The total exergy destruction rate of the cycle is the sum of the exergy destruction rate in each
component:

If' = E [GD?J’I;JD?!E?!f'E (4)
The exergy efficiency for the refrigeration cycle can be defined as the ratio of the minimum work

requirement to the actual work input [18].

Wiap Wiap Wy
Now = rer rer 9 __ ™1 (5)
W Wiap W7 W

Where W, and W are the work inputs to a reversible and an actual refrigeration cycle,
respectively, and W; is the lost work or the total exergy loss.

An exergy analysis has been performed for each individual component of the three cycles.

The three cycles are simulated under the following operating conditions:
- The isotropic efficiency of the compressor and the expander is assumed to be 75% and 65 %,
respectively.
- The expansion efficiency of the motive and suction streams is taken to be 70%
- The efficiency of the ejector diffuser is equal to 80%
- The evaporating temperature:-20-10°C
- The outlet temperature of the gas cooler: 35 to 50°C
- The environment temperature: T=30°C

4. Results and Discussion

Effect of heat rejection pressure

Figure 4 shows the variation of performance coefficient (COP) and the exergy efficiency for the
three cycles versus heat rejection pressure at the evaporating and gas cooler outlet temperatures of
0°C and 40°C, respectively.

It is clear that whatever the kind of the transcritical cycle considred, it exists an optimum pressure
so that it is recommended that the transcritical CO, cycles should operate at their optimal heat
rejection pressure in order to keep their maximum COP.

Further, it can be noticed that the transcritical cycle with expander outperforms the other
transcritical cycles in terms of the COP and exergy efficiency. It gives at the optimum heat rejection
pressure a values of 2.77 and 0.25 for the COP and the exergy efficiency respectively. Followed by
the transcritical cycles with ejector and with expansion valve that provides at the optimum pressure
a values of 2.50 and 0.22 of COP and 2.10 and 0.19 of exergy efficiency respectively.

In addition, the transcritical cycle with expander shows the lowest optimum pressure (97 bar)
whereas the optimum pressure of the ejector cycle and expansion valve cycle is 99 and 102 bar
respectively.
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In Figure 6, the exergy efficiency of the three presented cycles is plotted as a function of gas cooler
outlet temperature at optimum pressure and a given evaporating temperature (0°C).

Figure 6 shows clearly a downward trend of exergy efficiency with the rise of the gas cooler outlet
temperature for all the considered cycles. It should be also noted that, for the studied range of the
gas cooler outlet temperature. The cycle with expander has the highest exergy efficiency compared
to the other cycles whereas the transcritical cycle with ejector outperforms the transcritical cycle
with expansion valve in term of exergy efficiency.

Effect of gas cooler outlet temperature

The maximum COP and the corresponding optimum pressure of the three cycles at different outlet
temperature of the gas cooler under the same evaporating temperature of 0°C are shown in Figure 5.
The COP drops rapidly with the increase of the gas cooler outlet temperature. This is because, with
the increase of the outlet temperature of the gas cooler, the cooling capacity remains almost the
same but the power consumption increases.

It is can be seen from Figure 5 that, the transcritical cycle with expander presents the best
performance along the whole range of gas cooler outlet temperature followed by the transcitical
cycle with ejector and the transcritical cycle with expansion valve that comes at the last order. The
cycle with expander provides an average improvement of 35 % whereas the cycle with ejector gives
an average improvement of 21 % compared to the transcritical cycle with expansion valve.
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Figure 4. Effect of heat rejection pressure on COP and exergy efficiency
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Figure 5. Relationship between maximum COP and corresponding optimum heat
rejection pressure with gas cooler outlet temperature
Comparing the presented cycles in terms of optimum pressure, the descending order for the three
cycles is the transcritical cycle with expansion valve, the transcritical cycle with ejector and the
transcritical cycle with expander that gives on average optimum pressure of 110.1, 106.2 and 103.6
bar respectively

The exergy efficiency value of the cycle with expander is on average 35 % greater than that of the
transcritical cycle with expansion valve while the cycle with ejector is on average of 21 %
compared to the same cycle.

Effect of evaporating temperature

The effect of evaporating temperature on the maximum COP and optimum heat rejection pressure
of the investigated cycles under the same gas cooler outlet temperature (40°C) is presented in
Figure 7.

As the evaporating temperature increases, the maximum COP rises for all the considered
configurations. This is due to the fact that when the evaporating temperature increases, the cooling
capacity remains the same whereas the power consumption decreases and consequently the COP
decreases. Additionally, when varying evaporating temperature it can be remarked that the
maximum COP of transcritical cycles behaves similarly to the COP of conventional subcritical
compression refrigeration cycles.
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Figure 6. Exergy efficiency as a function of gas cooler outlet temperature

Compared to the transcritical cycle with expansion valve, the maximum COP value of the
transcritical cycle with expander shows an average of 34 % performance improvement while the
transcritical cycle with ejector gives an average of 21 %.

Figure 8 shows the exergy efficiency behavior of the studied cycles versus evaporating temperature
variation at optimum discharge pressure and a constant gas cooler temperature (40°C). It is clear
that, as the evaporating temperature ascends, the exergy efficiency of the different studied cycles
falls gradually. From the same Figure 8, it is clear that the transcritical cycle with expander shows
the highest exergy efficiency among the considered cycles.
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From the Figure 8, the optimum pressure lines show a slight downward trend with growing along of
the evaporating temperature. Further, the evaporating temperature has relatively a minor influence
as compared with the gas cooler outlet temperature discussed in the previous subsection. Further,
Compared to the transcritical cycle with expansion valve, it is found that employing an expander
instead of an expansion valve enhances the exergy efficiency on average of 34%, whereas
substituting the expansion valve by ejector improves the exergy efficiency on average by 21%.
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Figure 7. Maximum COP and optimum heat rejection pressure at different evaporating
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Figure 8. Exergy efficiency versus evaporating temperature
5. Conclusions

In this paper a detailed comparative study of three transcritical CO, cycles is presented, these cycles
are transcritical cycle with expansion valve, transcritical cycle with ejector and transcritical cycle
with expander. The expander cycle improves both the maximum COP and exergy efficiency by an
average of 35%, whereas the ejector cycle also enhances the maximum COP as well as the exergy
efficiency by an average of 21%. Further, replacing the expansion valve by an expander or an
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ejector does not only improve the maximum COP and the exregy efficiency but also reduces the
optimal heat rejection pressure.
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