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Abstract: This paper presented in a cascade cold storage refrigeration system using a
R513A/R744 pair by the experimental method. The R744 refrigerant was used for the low
temperature cycle (LTC) and R513A was used for the high temperature cycle (HTC). The
experimental data on the thermodynamic properties were collected at an ambient temperature of
32°C. Following this study, the thermal parameters of those refrigerants in CRS were indicated
detailly, the temperature of cold room was gone from 32°C down to -20°C in 35 minutes. The
R744 refrigerant in LTC has a condensing temperature of 5.9°C and an evaporating temperature
of -25°C, experimenting with the cooling capacity reached 1.35 kW and the overall COP reached
2.0. Moreover, those theory results are suitable with experimental data, the differential error is

less than 10%.
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1. Introduction

Nowadays, refrigeration systems using HCFCs
(HydroChloro FluoroCarbons) and HFCs
(HydroFluoroCarbons) refrigerants cause a greenhouse
effect and the impact of penetrating the Earth's ozone layer,
thereby changing the global climate. Therefore, some
refrigerants that have little impact on climate change and
environmental protection have been selected to replace
chlorine atom-containing fluids in some refrigeration
systems.

Regarding the studies on low GWP (Global Warming
Potential) refrigerants to protect the environment in the
heating and cooling cycles, Purjam et al. studied the
refrigeration cycle of the R744 ejector operating
transcritical and supercritical at fixed pressures that affect
COP  (Coefficient of Performance)”). Reaching
supercritical conditions for the ejector's thrust pressure, the
combined expansion rate increases the system efficiency.
Sachdeva et al. studied the ejector refrigeration system
with low GWP R1234ze and R134a using the Gouy-
Stodola formula to determine the maximum COP?.
Widianti and Firdaus used Biblioshiny software to analyze
an overview of studies on the Organic Rankine Cycle
(ORC) on various fluids including R744, R290, and HFOs
(HydroFluoroOlefins) such as R1234yf, R1234ze, and
R152a. Kibria et al. investigated the indirect emission and

the warming impact of some refrigerants with the different
locations in Japan®. Ashwni et al. studied the exergetic and
COP of the zeotropic mixtures of the pairs include R245fa/
R152a, R600/R152a, and R245fa/R600 in both ORC cycle
and VCR cycle®. Replacing R410A for domestic heat
pumps, Yang et al. studied on Low-GWP refrigerant
blends®. However, studies'® did not experiment with a
cascade refrigeration system (CRS) using refrigerant pair
R513A/R744.

Regarding the refrigeration cycle operating transcritical,
recent studies have come up with different system
configurations to achieve the highest COP. Amaris et al.
conducted a comparative study of three systems: the R744
high pressure cycle, the R744 high pressure cycle with a
parallel compressor, and the R717/R744 CRS for food
retail applications to investigate performance based on
Thermodynamic Laws I and II”. Nebot-Andres et al.
determined in experiment to optimize operation conditions
of the R744 transcritical refrigeration system for the
integration of the subcooling mechanism®. The system
was tested under various pressure and cooling conditions
to obtain optimal COP under ambient temperatures of 25°C,
30.4°C, 35.1°C while the evaporation temperature from -
15.6°C to -4.1°C. Goodarzi and Gheibi analyzed the
efficiency of a 2-stage cycle with an internal heat
exchanger (IHE), intermediate cooler, ejector, and liquid
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separator using R744%. The new cycle under the same
operating conditions improved COP by up to 26.9%
compared to the original cycle. Chen et al. experimentally
investigated the transcritical R744 refrigeration system for
cars, using dual rotors and an intercooler for
compressors!?. At an ambient temperature of 45°C, the
system efficiency has a 19.8% higher cooling capacity and
a corresponding increase of 12.8% in COP to the basic
cycle. Manjili and Cheraghi used EES (Engineering
Equation Solver) software to analyze the thermodynamics
and exergetics of the R744 refrigeration cycle on a 2-stage
transcritical using 2 ejectors, each vapour compression line
consisting of a separate ejector'). COP system was
improved by 20% - 80% compared to the conventional
cycle. The efficiency of IHE in the transcritical R744
refrigeration cycle using ejectors was theoretically
evaluated by Zhang et al.'?. Under the same cooling
pressure condition, the ejector efficiency increases and the
static pressure decreases.

In addition, there have been quite a lot of studies related to
the subcritical operating refrigeration systems studied.
Silva et al. compared the energy and cooling efficiencies
of three refrigeration systems: R744/R404A and two direct
expansion refrigeration systems R404A and R22'¥. Zhang
et al. experimented with the performance of the
R1270/R744 compressor that specifically designed for the
R1270 (cannot be found in the market) to compare it with
the conventional R1270/R744'Y. The results show that the
COP of CRS increases by decreasing the Tgvap of R1270
from —-7°C to —19°C. The effects of climate on
R1234ze/R744 with a solar-powered ejector were analyzed
by Li et al.'". The results show that with the increase in
TEvap R1234ze, the injection ratio and the cooling capacity
increase. Decreasing the temperature different At, the COP
decreases. Lizarte et al. studied an ORC combined with a
CRS using natural refrigerants'®. Dokandari et al.
evaluated the performance of the R744/R717 with the new
expansion ejector by studying the impact of three design
parameters, Tcond, TEvap, and temperature differential at the
heat exchanger!”. The results show that the maximum
COP and the maximum Thermodynamic Law II efficiency
are 7% and 5% higher on average respectively. Megdouli
et al. analyzed the thermodynamics of R744/NO, with a
new extended ejector for low-temperature refrigeration
applications'®. Sobieraj and Rosinski experimentally
studied the R744/R600a high-efficiency phase separation
for low-temperature isothermal refrigeration systems'?.
The results show that the system was very sensitive to
refrigerant charging. The system does not work accurately
due to the cut-off point of the heat exchanger with the low
refrigerant quantity. The higher the refrigerant quantity,
the higher the power consumption leading to the decrease
of COP. Aminyavari et al. successfully analyzed the
exergetic performance, economics, environmental
properties, and optimization of R744/R717. Optimal

design parameters (exergetic efficiency and total cost
ratio) were achieved by using genetic algorithm and then
using the TOPSIS decision-making method?”. Ma et al.
fulfilled a performance evaluation and analysis of the
optimal configuration of R744/R717 CRS with a
Membrane Condensation — Evaporation unit?". The results
show an improvement in the COP by the small temperature
difference of the cascade heat exchanger (CHE). Moreover,
Logesh et al. successfully analyzed the performance of a
CRS with three different pairs of refrigerants: R134a/R23,
R410A/R23, R404A/R170 in the superheat temperature of
10°C and the subcooling of 5°C??). The results showed that
the R134a/R170 pair had a higher COP and lower flow rate
in the study pairs. Next, Gautam et al. conducted a
subcritical to supercritical analytical study for evaporators
with temperatures ranging from -5°C to 15°C?? to achieve
the maximum COP and the maximum specific cooling
efficiency. Regarding the R744/R32 water heat pump
system, Sun et al. evaluated its performance both cooling
and heating in a varying compressor operating condition??,
Heating efficiency (COPy) and cooling efficiency (COP.)
results improved by up to 23.3% and 65.2% in heating
capacity, cooling capacity, respectively.

Regarding the comparison of the performance of the CRS
compared to HFC two-stage refrigeration system (TSRS),
Messineo conducted an evaluation of the performance of
the R744/R717 CRS compared to the HFC TSRS in terms
of energy, safety and environment®®. The results show that
the CRS is a good replacement to the R404A TSRS for low
evaporation temperatures (from -30°C to -50°C) in
commercial refrigeration. Ghosh et al. optimized system
COP and energy efficiency in a R744/R1234yf CRS with
focusing evaporation temperature and condensation
temperature?®. Ustaoglu et al. used ANOVA approaches
and Taguchi method to find the maximum COP and
exergetic efficiency optimization in a CRS using R744 at
LTC and R404A, R134a, R510A at HTC?”. Liu et al.
analyzed the thermodynamics of the transcritical R744
refrigeration cycle with an integrated thermoelectric
subcooler and ejector to compare it with two independent
transcritical R744 cycles: (1) with the thermoelectric
subcooler and (2) with the ejector?®. The results indicate
the maximum cooling efficiency of the performance
achieved for the integrated cycle with the same
optimization of the cold temperature and discharge
pressure. Dang et al. numerically simulated the evaporator
and the condenser of R744 air conditioning systems;
however, a CRS using R744 was not mentioned in the
studies? 39

Related to the application potential studies of R513A,
Yang et al. compared the characteristics between R134a
and RS5I13A, mainly in residential refrigerators in
experiment®". Three types of tests were performed under
the same environmental conditions. It indicated that the
optimal gas charging for R513A is 5.9% lower than that of
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R134a. R513A is quite superior in residential refrigeration
applications. Babiloni et al.’*3% experimentally analyzed
between R134a and R513A3%3% with the evaporation
temperature ranges from -15°C to 5°C. The results show
that the highest exergy destruction at the compressor. The
discharge temperature of RS13A compressor is lower than
the R134a. Sun et al. examined some parameters including
cooling capacity, COP, and exergy performance between
the R513A and R134a systems®. The power consumption
of R513A system is reduced by up to 12% under most
operating conditions.

Through the above studies, the thermodynamic behaviors
for the R513A/R744 cascade cold storage refrigeration
system have not been studied much; therefore, it is
important to conduct reasonable research. Following this
study, the system cooling capacity was about 1.5 kW, the
evaporation temperature of the R744 medium was -25°C,
and the cold room temperature was -20°C. Experimental
data of the R513A/R744 pair was compared to the
R134a/R744 pair under the same experimental conditions.

2. Methodology

2.1. Governing equations

To analyze and evaluate the RS13A/R744 CRS through the
COP system, the governing equations for the entire system
include the LTC and the HTC are determined as below:

® [ TC with R744 refrigerant
The system cooling capacity is:

Qowrrag) = mi % (hi—hy) (1)

The R744 mass flow rate was calculated as:

_ Qo(R744)
e T, 2

where h is enthalpy (kJ/kg)
The isotropic power input was calculated by:

N g749p=mi1 % (h2—hr) 3)
The THE capacity was calculated as:
Ok (R744) = my1 % (h2 — h3) 4)

The COP for the R744 cycle was determined by:

COPr744 = —?\;)(RM‘” 5)

(R744)

where N is the isotropic power (W)
® HTC with R513A refrigerant
The cooling capacity for RS13A side was determined by:

Qorsi34) = Ok (R744) (6)

The R513A mass flow rate was calculated as:

_ Qo(R5134)
hihg (7)

m2
The R513A isotropic power input was calculated by:
Nwsizp =m2 % (h2—hr) (8
The R513A condenser capacity was calculated as:

Ok rs134) = m2 % (h2—h3) )

The COP of the R513A cycle was determined by:

COPrs134 = Qo(R5134) (10)

N(rs134)

The system COP was calculated by:

Qo(R744) (11)

N(r744)* N(R5134)

COP =

2.2. Experimental set up

The experimental diagram of cascade system for
R513A/R744 was indicated on Figure 1. Following this
study, the R513A was used for HTC and the R744 was
used for LTC, it was operated to collect thermodynamic
parameters such as temperature, pressure of both R513A
and R744. Also, the evaporating temperature of RS13A is
transposed from 0.8 to 20C and the evaporation
temperature of R744 is kept at -250C. A welding plate heat
exchanger was used for the CHE (Figure 2). Also, the time
for reaching the temperature of cold room (from 320C to -
200C) is approximately 35 minutes.

=31
) b AN

BEE B
Fig. 1: The principal diagram and position of measuring
device in the R513A/R744 cascade system
(1 — R744 Compressor, 2 — CHE (welding plate), 3 — R744
Expansion valve, 4 — R744 Evaporator, 5 — R513A Compressor, 6
—R513A Condenser, 7 — R513A Expansion valve, 8 - Thermal
flow meter).
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Fig. 2: Photos of R513A/R744 cascade system

Table 1: Information on the measuring apparatuses

210* R744
62°C
104
3 3/\
T 17 58°C
{ f———a4c
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o
-26°C
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54102
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h [kJ/kg]

Fig. 3: p-h of R744 in the LTC

Table 3: The experimental data for R513A in HTC

The accuracy specifications and testing ranges of
apparatuses are indicated in Table 1. The experimental
devices consist of thermocouples, amp-clamp,
anemometer, pressure sensor, pressure gauge, turbine flow
meter, etc. The anemometer was used to measure the air
velocity for determining the cooling capacity.

3. Results and Discussion

The system was experimented many times to gather the
operational data in the surroundings temperature around
32°C. The volumetric flow of the R744 was collected by a
turbine flow meter with a merit of 2701/h. The results of
the R744 test in LTC are shown in Table 2. A cycle
superheat of 18.5°C can be observed. Based on
experimental data, the thermodynamic point of the LTC is
displayed in Figure 3 which was drawn in the EES
software.

Table 2: The experimental data for R744 in LTC

. t p h
Points °C) (bar) (kJ/kg)
1 26 16.75 437.06
I 6.5 1675 433.89
2 62 36.65 501.65
3 5.8 36.65 215.08
3’ 3.4 36.65 208.82
4 26 16.75 208.82

Points t P h

Measuring device Accuracy Range ‘0 (bar) (kJ/kg)
Thermocouples +0.1°C 0-100 °C ! 08 2.5 399.19

r 5 2.5 401.49
Amp-clamp + 1.5 % rdg 0-200 A 2 58.2 9.8 426.07
Anemometer +3% 0-45 m/s 3 34.7 9.8 247.6

3 30.6 9.8 241.72
Pressure gauge +1FS 0-100 kgf/cm? 4 3 25 241.72
Pressure sensor +05FS 0-100 bar

R513A

Turbine flow meter + 0.5 RS 400-5000 'h 200

100

58.2°C

P [bar]

A
451

151 201 251 301

h [kJ/kg]
Fig. 4: p-h of R513A in HTC

351 401

With the high temperature cycle of RS513A, the
experimental data are displayed in Table 3 and Figure 4.
The temperature variation in the CHE is about 3°C. The
results of R513A and R744 showed that at a saturation
pressure, the testing temperature has a difference with the
theoretical calculation; the difference is due to
experimental inaccuracy. However, the experimental data
are in quite conformity with those gained from calculation
and the inaccuracy is less than 10%.

The experimental data was studied on the evaporating
temperature in a cycle of RS13A was changed from 0.8 to
4.3°C and the stable evaporating temperature with R744 is
-25°C in the LTC. Figure 5 displays a correspondence
between the discharged temperature and the condensed
temperature with R744. It is assessed that the evaporating
temperature of R513A has the compact to the condensed
temperature and the discharged temperature of R744.
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When the evaporating temperature of R513A goes down
from 4.3 to 0.8°C, the condensation temperature of R744
reduces from 6.3 to 5.8°C and the discharge temperature of
R744 also reduces from 66.5 to 62°C.

Figure 6 indicates a relationship between the condensed
temperature of R744 in LTC and the cooling capacity when
the evaporating temperature of R513A changes. When
condensed temperature of R744 rises from 5.8 to 6.3°C, the
evaporation temperature of RS13A also goes up from 0.8
to 4.3°C, the cooling capacity goes down from 1.35to 1.13
kW. Similarly, the COP of the CRS is indicated in Figure

67

1T '
043
66
& sl .
— 3.8
3
> L]
Cr o3
s 2.8
5
2 e3f yd
z .
'- /
R .
62l -~ h IThe evaporation temperature of R51 JA] ]
0.8
61 L L 1 Il
5.8 59 6 6.1 6.2 63
Tk, R744 (°C)
Fig. 5: The discharge temperature vs. the condensed
temperature of R744
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58 59 8 6.1 6.2 6.3 6.4
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Fig. 6: The condensed temperature of R744 and the
cooling capacity
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Fig. 7: The condensed temperature of R744 and COP

7. When the condensed temperature of R744 rises from 5.8
to 6.3°C, the COP declined from 2.01 to 1.96.

4. Conclusion

This research has been conducted in an experiment with a
cascade cold storage refrigeration system operating by
R513A/R744 refrigerant pair. The R513A refrigerant was
applied in HTC and R744 was applied in LTC.

The experimental results were gained under the
surrounding temperature of 32°C. Also, in this study, the
cold chamber temperature dropped from 32°C to -20°C
over a period of 35 minutes. The thermodynamic behaviors
of the CRS were shown in more specifically. R744 at LTC
cycle has a condensed temperature of 5.8°C and an
evaporating temperature of -25°C. The system cooling
capacity is 1.35 kW and the COP is 2.0.

Furthermore, the theoretical calculations are compatible
with the experimental results. It leads to distribute the
supplement the researching data needed when studying
stratified systems using R744 refrigerant in refrigeration
field.
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