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Abstract The demand for high-performance refrigeration systems with eco-friendly
refrigerants is increasing due to global warming. In this article, the thermodynamic
analysis of a vapor compression refrigeration system with dedicated mechanical sub-
cooling using eco-friendly refrigerants R1243zf, R1233zd(E) is carried out and their
performance is compared with refrigerant R134a. The parameters like COP and exer-
getic efficiency of the system is computed. The effects of subcooling temperature,
condenser temperature, evaporator temperature, compressor efficiency, and effec-
tiveness of heat exchanger are also investigated and discussed. The performance of
the system can be directly related to subcooling temperature. There is an optimum
value of subcooling temperature predicted for the system in this article. In the study,
it is observed that low GWP refrigerant R1233zd(E) is a better-performing refriger-
ant than R134a, whereas R1243zf is also a low GWP refrigerant which has slightly
lower COP and exergetic efficiency than R134a.
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GWP Global warming potential
ODP Ozone depletion level

(0] Heat transfer (kW)
w Work transfer (kW)
h Enthalpy (kJ/kg)

T Temperature (°C)

P Pressure (kPa)

n Efficiency

m Mass flow rate (kg/s)
€ Effectiveness

EP Exergy in product (kW)
Subscripts

Comp Compressor

r Refrigerant

ex Exergetic

0 Ambient states

scc Subcooling refrigeration cycle

1 Introduction

A dedicated mechanical subcooling vapor compression refrigeration cycle consists
of two vapor compression cycle where subcooling of refrigerant of main compres-
sion cycle at the exit of the condenser improves the performance of the system, thus
saving the high-grade electrical energy which also contributes to a clean environ-
ment. It is accomplished by adding a small subcooler cycle with the main cycle and
thus forming a system known as dedicated mechanical subcooling vapor compression
refrigeration cycle. Apart from ozone depletion potential (ODP), the global warming
potential has also become a very important criterion for the refrigerants to be used
in the refrigeration and air-conditioning applications. Chlorofluorocarbons (CFCs)
and hydrochlorofluorocarbons (HCFCs) were to be phased out due to their ODP and
GWP problems when Montreal Protocol on January 1, 1989, came into force [1, 2].
Hydrofluorocarbons (HFCs) like R134a have zero ODP but due to significantly high
GWP needs to be replaced by low GWP refrigerants [3]. All HFCs and other green-
house gases have to be curbed under Kyoto Protocol agreement which was proposed
in December, 1997, and enforced on February 16, 2005. The next-generation refrig-
erants, hydrochlorofluoroolefins (HCFOs) like R1233zd(E) and hydrofluoroolefins
(HFOs) like R1243zf, can become a good alternative due to their very low GWP.
Thornton et al. [4] in their research predicted that the performance of overall ded-
icated subcooling cycle depended upon the optimum subcooling temperature and the
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Table 1 Properties of refrigerants [12, 13]

Name Atmospheric | ODP | Solubility in | Critical GWP | Boiling point
life water temperature

R-134a 14 years 0 0.11% by 252 °F or 1200 | —14.9 °For
weight at 122 °C —26.1°C
77 °F or
25°C

R-1233zd(E) |26 days 0 0.19% by 439.6 K or 1 66 °F or
weight at 166.6 °C 19 °C
20°C

R-1243zf 11 days 0 0.33% by 222 °F or 4 —13.3 °For
weight at 105.5 °C —252°C
95°C

cycle extreme temperatures, i.e., condenser and evaporator temperature. She et al.
[5] predicted a 67.67% higher COP of a subcooling system compared to the conven-
tional refrigeration system under same operating conditions. Qureshi and Zubair [6]
described exclusively different models of subcooling. Qureshi and Zubair [7] inves-
tigated the subcooling model using different refrigerants and showed that R134a is
the best-performing refrigerant in main and subcooling cycle. Khan and Zubair [8]
investigated an integrated subcooling refrigeration system and predicted that opti-
mum subcooling temperature was approximately arithmetic mean temperature of
evaporator and condenser temperature. Qureshi et al. [9] analyzed the mechanical
subcooling system and predicted 21% increase in exergetic efficiency compared to
the conventional compression refrigeration cycle. Pottker and Hrnjak [10] theoret-
ically analyzed the subcooling system using different refrigerants. Dai et al. [11]
analyzed a transcritical CO; refrigeration subcooling system and found that maxi-
mum rate of increase in COP is to be 43.8% and concluded that discharge pressure
and subcooling temperature influenced the subcooling cycle more significantly than
other parameters. Lai [12] predicted that R1243zf is a potential refrigerant to replace
R134a in a refrigeration system. Miyoshi et al. [13] developed a centrifugal chiller
using R1233zd(E) as a refrigerant and predicted it to be a good replacement of R134a
as a better-performing refrigerant in chillers.

The objective of this article is to investigate the performance of low GWP refrig-
erants in a dedicated mechanical subcooling refrigeration cycle which is promising
and energy efficient as recorded by the researchers. The properties of the refrigerants
used for the analysis are provided in Table 1.
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Fig.1 (i) Schematic diagram of dedicated subcooling compression system and (ii) pressure
enthalpy diagram of the system

2 Description of the Dedicated Subcooling Refrigeration
System

Figure 1 shows the schematic diagram of the subcooling system where (i) represents
the flow diagram and (ii) represents the pressure—enthalpy phase diagram. Points
1-2-3-4-5 is related to the main cycle of dedicated subcooling compression system,
and points a—b—c—d is related to smaller cycle termed as subcooler cycle which is
coupled with the main cycle at the exit of main cycle condenser (cond1). Compressed
refrigerant (1-2) in the main cycle compressor (comp1) passes through condl (2-3)
releasing heat to the atmosphere. It enters into the subcooler where heat is absorbed
by the evaporator (evap2) of the subcooler cycle, or subcooling of the refrigerant takes
place. It passes through the expansion valve (ev1) (4-5) of main cycle throttled to low
pressure and then passes through the evaporator (evapl) of the main cycle attaining
the desired objective of cooling by absorbing the heat from the space to be cooled
before entering into compl and thus completing the cycle. In the subcooler cycle,
which also functions like a conventional vapor compression cycle, the refrigerant
is compressed to high pressure (a—b) in compressor (comp?2) of the subcooler cycle
enters into condenser (cond2) releasing heat to ambient (b—c) before throttling (c—d)
to low pressure in expansion valve (ev2) and thereafter enters into the evaporator
(evap2) (d—a) of the subcooler cycle where it absorbs heat of main cycle refrigerant
acting as a heat exchanger. The refrigerant of the subcooler cycle then enters into
comp?2 thus completing the cycle.

3 Energy and Exergy Analysis of the System

The energy and exergy analysis is carried out by considering the principle of mass
conservation, energy conservation, and exergy conservation.
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Wcompl = ";'lr(hZ - hl) (D
WcompZ = mr(hh - ha) (2)
COP, = Qe/ Wcompl (3)

where COP; is the simple compression cycle COP.
AT, =13 — Ty = b “)

The effectiveness of the subcooler is defined as:

Esubcooler= (13 — T4) /(T3 — Ta) ®)
Qe = n(hy — hs) (6)

Weomp = Weompt + Weomp2 (N
COPyc = Qc/(Weompt + Weomp2) (8)

where COP;.. is subcooling compression refrigeration cycle COP.
The exergy in product is defined as:

EPgc = Qc(1 — (To/Tp)) (€))

Therefore, exergetic efficiency of the subcooling cycle is given by:

Nex = EPSCC/WCOmp (10)

3.1 Model Validation

Yilmaz et al. [14] carried an analytical and numerical analysis of a subcooling cycle
using R134a as refrigerant in main and subcooler cycle. They calculated the maxi-
mum increase of COP up to 30% at an optimum subcooling temperature of 35.5 °C
(T.=60°C, T = —20 °C, ncomp = 0.80) (assumed effectiveness of heat exchanger
to be 5 °C less than maximum temperature). In the present study, the maximum
increase of 32% in COP is calculated at an optimum temperature of 35.75 °C with
the same input conditions. The small variation in result falls within the acceptable
limit. Miyoshi et al. [13] calculated the theoretical COP of a simple vapor com-
pression refrigeration system as 6.93 (T = 38 °C, T'e = 6 °C, njcomp = 0.90) with
refrigerant R1233zd(E). In the present study, COP of the simple vapor compression
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system is calculated as 6.922 using R1233zd(E) and the same input parameters. The
calculated value is fit for validation of results.

4 Results and Discussion

The energy and exergy analysis of the subcooling refrigeration system is carried out
by developing a computational model using engineering equation solver (EES) [15].
In the subcooling system, similar pairs of each refrigerant are considered to access
the performance; e.g., R1233zd(E) is assumed in main cycle and subcooler cycle,
and same is true for R134a and R1243zf. Compressor efficiency of main cycle and
subcooler cycle are assumed to be same. Other assumptions for calculation are as
follows:

Refrigeration capacity 50 kW
Isentropic efficiency of the compressor 0.65
Evaporator temperature —35t0 10 °C
Condenser temperature 32to55°C
Subcooling temperature 2t037°C
Effectiveness of subcooler 0.8.

Further, dead state temperature and pressure are considered to be atmospheric, i.e.,
25 °C and 1.01324 bar. Enthalpy and entropy reference for the refrigerants are calcu-
lated corresponding to dead state temperature. It is assumed that there is no heat loss
or pressure drop in other components and connecting lines. The difference between
evaporator temperature and space to be cooled is assumed as 5 °C.

4.1 Effect of Condenser Temperature

Figure 2 explores the effect of condenser temperature on coefficient of the perfor-
mance of the system and also reveals the comparison of the performance of simple
vapor compression refrigeration system (COPg) with the performance of subcool-
ing vapor compression refrigeration system (COPq.). As the condenser temperature
decreases, COP of both the system increases, while COP of subcooling system always
remains greater than COP of simple compression system, but there is a distinct pat-
tern of increase. COP of R1233zd(E) in subcooling compression cycle is 13.5%
higher and 23.31% higher at condenser temperature of 32 and 55 °C, respectively,
corresponding to simple compression cycle. Similarly, R134a shows a higher COP
increase by 15.35 and 31% and R1243zf shows 15.9 and 33.13% increase for same
condenser temperatures compared to simple compression system. Thus, R1233zd(E)
is better-performing refrigerant followed by R134a and R1243zf. COP of R1243zf
is slightly lower than R134a, but due to very low GWP of 4 and very small life cycle,
it can offset the R134a as a preferred refrigerant. Also, the improvement in COP
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Fig. 2 Condenser temperature versus simple compression refrigeration cycle COP and subcooling
compression cycle COP (T, = —35 °C, 8. = 30 °C)

of R1243zf is significantly better than the corresponding improvement of COP of
other two refrigerants for high condenser temperature when it is used in subcooling
compression cycle.

4.2 Effect of Evaporator Temperature

Figure 3 presents the effect of evaporator temperature on COP and exergetic effi-
ciency of the subcooling cycle. COP increases with the increase in evaporator tem-
perature, but it is observed that COP of subcooling cycle is improving compared to
simple compression cycle. For 1233zd(E), COP improvement is recorded as 1.64%
at 10 °C evaporator temperature, and it is 20.85% at —35 °C evaporator temperature.
The similar pattern of improvement in COP and exergetic efficiency is observed for
R1324a and R1243zf, where R1243zf shows the highest improvement of 28.64%
in COP at —35 °C evaporator temperature. R1233zd(E) has the maximum COP of
3.948 and minimum COP of 1.466 at T, = 10 °C and —35 °C, respectively. The
corresponding COP of R134a is 3.677 (maximum) and 1.386 (minimum) and for
R1243zf is 3.611 (maximum) and 1.343 (minimum) at same evaporator tempera-
tures. The highest exergetic efficiency 33.28% is recorded for R1233zd(E) followed
by 31.44% for R134a and 30.46% for R1243zf. At higher evaporator temperature,
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Fig. 3 Evaporator temperature versus COP and exergetic efficiency of subcooling compression
refrigeration cycle (T = 50 °C, §sc = 30 °C)

exergetic efficiency curve for the three refrigerants converges, and at 10 °C evaporator
temperature, R134a and R1243zf have the same exergetic efficiency.

4.3 Effect of Subcooling Temperature

Figures 4 and 5 explore the effect of subcooling temperature on COP and exergetic
efficiency. It is observed that COP and exergetic efficiency are improving with the
increase in subcooling temperature; it reaches to maximum at an optimum subcooling
temperature which is recorded as approximately 31.5 °C for all the three refrigerants
considered in the study, and after attaining this peak, COP and exergetic efficiency
decrease with the increase in subcooling temperature. The trends of both the COP
and exergetic efficiency curves are similar with respect to subcooling temperature.
The optimum subcooling temperature is an important parameter to be considered for
design conditions of dedicated subcooling system.
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Fig. 5 Subcooling temperature versus exergetic efficiency of subcooling compression refrigeration

cycle (Tc =50°C, T, = =35 °C)
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Fig. 6 Compressor efficiency versus COP and exergetic efficiency of subcooling compression
refrigeration cycle (T = 50 °C, T. = —35 °C, 83c = 30 °C)

4.4 Effect of Compressor Efficiency

Figure 6 shows the effect of compressor efficiency on COP and exergetic efficiency
of the system. It is observed that there is a sharp decline in the performance of
system with the decrease in compressor efficiency. It is also observed that the COP
and exergetic efficiency curves converge for all the three refrigerants with a decrease
in compressor efficiency.

4.5 Effect of Subcooler Effectiveness

Figure 7 reveals the effect of subcooler effectiveness on system performance. It is
observed that COP and exergetic efficiency decrease with the decrease in effective-
ness where the trend of decrease is large at effectiveness values of 0.20-0.60, but
thereafter, i.e., beyond 0.60, the effect of subcooler effectiveness is minimal in par-
ticular on exergetic efficiency as its curve becomes almost flat, whereas the COP
curve smoothens and shows a small increase. The pattern is similar for all the three
refrigerants in the study.
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Fig. 7 Effectiveness of subcooler versus COP and exergetic efficiency of subcooling compression
refrigeration cycle (T = 50 °C, T. = —35 °C, 83c = 30 °C)

5 Conclusion

The effect of evaporator temperature and condenser temperature is very significant
on the dedicated mechanical subcooling compression refrigeration cycle compared
to a simple vapor compression cycle. The performance of subcooling cycle shows
more improvement at higher condenser temperature and lower evaporator tempera-
ture over the simple compression cycle. Compressor efficiency and effectiveness of
subcooler also influence the performance of the system. COP and exergetic efficiency
of R1233zd(E) are noticeably higher than R134a, whereas R1243zf has slightly lower
COP and exergetic efficiency than R134a. But improvement in the performance of
R1243zf at high condenser and low evaporator temperature is more compared to
the corresponding improvement of R1233zd(E) and R134a when used in a subcool-
ing compression refrigeration cycle. Therefore, R1233zd(E) and R1243zf are the
potential refrigerants to replace R134a.
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