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Abstract: An experimental rig of a zeotropic mixture separation condensation-based dual-temperature
refrigeration cycle is built and the mixture R290/R600a is used as the refrigerant. Compared with
a conventional cycle, the proposed refrigeration system demonstrates its application advantages
under an on-off operation mode. Furthermore, the on-off periodic operation behaviors of this
refrigeration system are experimentally investigated. The influence of a different refrigerant charge,
a refrigerant mass fraction, a throttling valve opening, and ambient temperature are explored to
evaluate the cyclic operation characteristics. The results reveal that the compressor average power
for the duration of the compressor startup increases and the compressor duty cycle first declines
then increases with the rise of the refrigerant charge. The average compressor during an on-period
decreases from 104.5 W to 79.2 W and meanwhile the compressor duty cycles fluctuates between
72.1% and 96.9% as the R600a-charged concentration increases from 30% to 70%. The average power
of the compressor during the on-period and the duty cycle are also sensitive to the freezer valve
opening variation. Thus, the minimum energy consumption of 1.60 kWh-24 h=! is achieved at the
refrigerant charge of 300 g, a R600a-charged mass fraction of 50%, and a freezer throttling valve
opening of 10%. A higher ambient temperature deteriorates heat transfer during condensation and
increases the cabinets’ heat load, the compressor duty cycle, and eventually affects the daily power
consumption. Generally, the present study offers an in-depth insight of cyclic operation characteristics
of a separation condensation-based hydrocarbon mixture dual-temperature refrigerator under two
parallel evaporators’ concurrent cooling process.

Keywords: dual-temperature refrigeration cycle; hydrocarbon mixture; on-off operation characteristics;
separation condensation

1. Introduction

Domestic refrigerators have become the most indispensable household electric ap-
pliance for food storage. However, refrigerators are categorized as the principal energy
consumer due to its operation throughout the day. According to statistics, refrigerators con-
tribute to approximately 6% of the electricity worldwide [1]. Thus, many efforts have been
advocated to improve refrigerators’ energy using efficiency including refrigeration cycle
modification, refrigerant substitution, and system component optimization [2-4]. From the
published literatures, refrigerant substitution has become a research hotspot in refrigeration
systems [5,6]. In detail, hydrocarbon blends provide appropriate techniques to improve
system performance owing to zeotropic mixtures’ composition shift and temperature glide
characteristics [7-9]. Actually, the utilization of R290/R600a in refrigerators is the popular
choice amongst the hydrocarbon zeotropic mixtures owing to its energy saving benefit and
environmentally friendly feature [10-13]. Yan et al. [14] proposed an auto-cascade refriger-
ation system using R290/R600a for application in domestic refrigerators. The numerical
results indicated that a novel cycle can improve the coefficient of performance (COP) by
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7.8-13.3% and enhance the volumetric refrigeration capacity by 10.2-17.1% compared with
a conventional cycle. Liu et al. [15] adopted an ejector in the domestic refrigerator using
R290/R600a to achieve expansion loss recovery and system performance improvement.
The energetic and exergetic analysis results showed that the presented cycle can lift COP
and volumetric cooling capacity by 16.71% and 34.97%. Fang et al. [16] integrated the
separation condensation and parallel compression methods to propose a modified dual-
temperature refrigerator cycle using R290/R600a. The simulation results revealed that the
presented system can enhance both COP and exergy efficiency by 30.4%. The research
provided an effective technique to improve system performance in a refrigerator—freezer.
Yu and Teng [17] experimentally investigated the refrigeration performance and feasibility
of R290/R600a as an alternative refrigerant to R134a in a refrigerator and found that the
24-h electricity consumption can be decreased by up to 10.9%. Fatouh and Kafafy [18]
evaluated the performance of a hydrocarbon mixture as drop-in replacement to R134a
in household refrigerators. They concluded that the refrigerator with the hydrocarbon
blend with 60% propane showed a 2.3% higher COP and an 11.1% lower pressure ratio
compared with the original refrigerator. Yoon et al. [19] experimentally explored the sys-
tem performance of household refrigerators. The results proved that a R290/R600-based
Lorenz-Meutzner cycle can reduce the energy consumption by 11.2% in comparison with a
bypass system using R600a. Jwo et al. [20] discovered that the utilization of R290/R00a
(50%/50% by mass fraction) reduced the energy consumption by 4.4% compared with
R134a in a 440 L capacity household refrigerator. Wongwises and Chimres [21] indicated
that R290/R600a can be an appropriate alternative to R134 in household refrigerators with
a lower energy consumption. Rasti et al. [22] performed experimental research on the
utilization of R290/R600a in a R134a domestic refrigerator and discovered that the duty
cycle and daily power consumption were reduced by 13% and 5.3%, respectively. Ozsipahi
et al. [13] experimentally explored the system performance of household refrigeration using
R290/R00a. They concluded that the utilization of R290/R00a could improve the COP
by about 10-20% in comparison with R600a as a baseline. Chen et al. [23] presented an
ejector-enhanced dual-temperature refrigerator system using R290/R600a and evaluated
the system performance through thermodynamic analysis. The results indicated that the
proposed system showed a 23.1% and a 22.9% enhancement in COP and exergy efficiency,
respectively. Lee et al. [24] experimentally evaluated the performance of a domestic re-
frigerator with R290 and R600a as drop-in replacements to R134a. They concluded that
the R290/R600a (55%/45% by mass fraction) system reduced the energy consumption by
12.3% and improved the cooling speed by 28.8% compared with the system using R134a.

Experimental studies on the power consumption and duty cycle of domestic refrig-
eration systems were conducted to explore the system performance during the on-off
operation cycle [10]. Abou-Ziyan and Fatouh [25] conducted experimental investigation
on a hydrocarbon mixture as the substitute of R134a in a household refrigerator. The
experimental results indicated that the refrigerator using R290/R600a/R600 (60:26.6:13.4%
by mass) could save about 36.8% of power consumption in comparison with an R134a
system under on—off cyclic operation. He et al. [26] explored the application possibility
of an R290/R600a mixture in an R134a chest freezer through experimental tests. They
discovered that the system with R290/R600a (93.75%/6.25% by weight) reduces the power
consumption by 27.5% compared with that with R134a. Furthermore, the system using
R290/R600a decreased the on—off ratio from the baseline data 39.5% to 33.8% in terms of
cyclic operation behavior. Mohanraj et al. [27] explored the cycling running performance of
a 220 L refrigerator with R290/R600a to substitute R134a. The test results demonstrated
that R290/R600a (45.2%/54.8% by weight) exhibited an 11% lower energy consumption
and a 13% lower duty cycle.

In our published literature [28], the system performance of a modified dual-temperature
refrigeration system with R290/R600a was evaluated by energetic and exergetic analy-
sis. The proposed refrigeration system adopted two parallel evaporators to achieve a
dual-temperature refrigeration effect through a zeotropic composition shift and separation
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condensation. The simulation results demonstrated its system performance improvement
advantage over the conventional refrigeration cycle. Furthermore, the previous work also
revealed the feasibility of this refrigeration cycle for applications in domestic refrigerator-
freezers. However, the most popular way to maintain cooling temperature in domestic
refrigerators is through on-off operation control by a thermostat. Actually, the on-off cyclic
running mode occurs in the most lifetime for refrigerators. The power consumption, duty
cycle, and compressor power during a compressor’s on/ off period are the key parameters
to evaluate the system performance and cyclic operation features [25]. Few literatures
focus on complete cyclic characteristics to evaluate the dynamic behaviors of refrigerators
using hydrocarbon mixture under a permanent cyclic operation mode. In particular, the
system performance of the proposed separation condensation based dual-temperature
refrigeration system using a zeotrope during actual cyclic operation needs to be further
explored to boost its application in refrigerators. Thus, it is necessary to investigate the
cyclic operation characteristics of separation condensation-based hydrocarbon mixture
dual-temperature refrigeration system. An experimental rig of the proposed refrigeration
system utilizing R290/R600a was built. The complete cyclic operation characteristics in-
cluding duty cycle, compressor power, energy consumption, and mass flow rate need to be
explored. Furthermore, the effect of different refrigerant charges, refrigerant compositions,
throttling valve openings, and ambient temperature on intermittent operation characteris-
tics should be evaluated. The present work can offer experimental support for practical
applications of the proposed cycle. Furthermore, it promotes the development and an
in-depth understanding of the modern refrigeration system designs with zeotropic mixture
under actual cyclic operation.

2. Experimental Equipment and Testing Procedure

Figure 1a illustrates the schematic of proposed dual-temperature refrigeration system
employing zeotropic mixture R290/R600a. The primary components of this refrigeration
system include a hermetic reciprocating compressor, two air-cooled condensers, an air-
cooled subcooler, two liquid-line/suction-line heat exchangers (SLHX-1 and SLHX-2), a
vapor-liquid phase separator, two throttling valves, and two fin-tube evaporators (one is
located in in the fresh chamber and the other is installed in the freezer chamber). The main
thermodynamic properties of zeotropic mixture components are given in Table 1 [29,30].
The corresponding pressure-specific enthalpy diagram is illustrated in Figure 2. The dots in
Figure 1 stand for the corresponding refrigerant state in Figure 2. Moreover, the solid lines
in Figure 1 indicate actual refrigerant flow stream and the dot lines in Figure 1b means the
refrigerant flow stream is closed.

The detail working procedure of this dual-temperature refrigeration cycle using
R290/R600a has been introduced in our previous work [28,31], and is not presented here
for simplicity. According to Figures 1a and 2, the freezer loop and refrigerating loop operate
at simultaneous cooling modes. Owing to composition shift in phase separator, the more
volatile component R290 flows into the freeze loop and correspondingly more R600a enters
refrigerating loop. Consequently, the two parallel evaporators reveal different evaporating
temperature at identical evaporation pressures. This contributes to the higher compres-
sor suction pressure and better system performance. Moreover, the zeotropic mixture’s
temperature glide feature in evaporation process also benefits the system performance
because of heat transfer temperature difference reduction effect. Generally, the previous
theoretical study has demonstrated the advantages of proposed system over conventional
refrigeration system.

Table 1. Main thermodynamic properties of refrigerant component.

Component  Tcr/°C Pcr/°C NBT/°C oDrP GWP Safety Group

R290 96.74 4251 —42.11 0 3 A3
R600a 134.66 3.629 —11.75 0 4 A3
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Figure 1. The schematic of dual-temperature refrigeration system.
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Figure 2. The pressure-enthalpy diagram of proposed R290/R600a system.

The previous work [28] mainly concentrates on theoretical study to manifest the
advantage of proposed refrigeration system over conventional cycle in terms of energy and
exergy aspects. To further explore the application potential and operation characteristics,
the experimental rig of separation condensation based dual-temperature refrigeration
system employing R290/R600a is built as shown in Figure 3. A hermetic reciprocating
compressor with 5.8 cm® displacement was utilized in the presented refrigeration system.
For high pressure side heat exchangers’ configuration, three fin-tube type heat exchangers
were used in condenser-1, condenser-2, and subcooler. A cyclone vapor-liquid phase
separator with the internal volume of 0.4 L was adopted to achieve phase and composition
separation effect. The two-phase refrigerant from condenser-1 enters the vapor-liquid
phase separator in tangential direction. The copper tube at vapor outlet was inserted into
the separator by 10 cm to prevent liquid splash and escape from the upper exist. Two double-
pipe type heat exchangers were employed as liquid-line/suction-line heat exchangers in
freezer loop and refrigerating loop, respectively. A manual modulation throttling valve
(manual mechanical needle valve) was adopted to adjust the evaporation temperature and
refrigerant mass flow rate to achieve cooling capacity control. The refrigerating evaporator
as well as freezer evaporator are both plain fin-tube heat exchangers and installed in
corresponding cabinets. The tested prototype as shown in Figure 4 is a domestic refrigerator
with freezer chamber volume of 166 L and fresh chamber volume of 262 L. The specifications
of main components are summarized in Table 2. The experimental investigation mainly
focuses on refrigerating and freezer cooling loops concurrent operation condition. In
case of the sudden increase in heat load in freezer cabinet, the freezer evaporator fan
speed can be adjusted and the refrigerating fan can be switched off to match the cooling
capacity and heat load. All tests were tested inside environmental chamber designed on
technical standard of ENISO 15002:2005, as shown in Figure 3. According to Figure 3,
there are 4 testing positions (workstations) in environmental chamber. The prototype
refrigerator installed with proposed refrigeration system is placed on the No.2 testing
position to conduct experiment investigation. The dry-bulb temperature and air humidity
of environmental chamber can be maintained within 0-55 °C and 40~80%, respectively,
which can meet the test requirement of refrigerators.
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Figure 4. The tested prototype.

Table 2. Main test equipment.

Station #4
Thermocouple p

Equipment

Configuration

Compressor

Hermetic reciprocating type compressor with 5.8 cm® displacement.

Condenser-1

Plain fin-tube type heat exchanger.

Tube length: 2.2 m. Heat transfer area: 0.4 m?.
Length: 155 mm. Width: 45 mm. Height:150 mm.
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Table 2. Cont.

Equipment

Configuration

Condenser-2

Wavy fin-tube type heat exchanger.
Tube length: 2.5 m. Heat transfer area: 1.8 m2.
Length: 260 mm. Width:50 mm. Height:138 mm.

Subcooler

Wavy fin-tube type heat exchanger.
Tube length: 1.3 m Heat transfer area: 0.9 m?.
Length: 150 mm. Width:50 mm. Height:138 mm.

Freezer evaporator

Plain fin-tube type heat exchanger with total heat transfer area of 0.66 m? and Tube
length of 5.4 m.

Refrigerating evaporator

Plain fin-tube type heat exchanger with total heat transfer area of 2.65 m? and Tube
length of 15.5 m.

Throttling device

Manual needle valve.

Double-pipe type heat exchanger.

Freezer chamber

Reservoir volume: 166 L.

Fresh chamber

Reservoir volume:262 L.

T-type thermocouples with 0.5 °C accuracy were utilized to meter the specific tem-
perature. The temperatures at the top, middle, and bottom of both freezer and refrigerating
cabinets are measured, and average values in each cabinet are considered as freezing tem-
perature and refrigerating temperature. The compressor suction and discharge pressures
are acquired by pressure transducers with £0.25% accuracy of the full scales of 0-2 MPa.
The refrigerant mass flow rates are measured with Coriolis digital flowmeters with +0.2%
accuracy of 5 kg-h~! and 10 kg-h~!. The energy consumption of the prototype is obtained
by a digital power meter with +0.2% accuracy. The refrigerant charge amount is evaluated
through a high-precision balance with an uncertainty of +0.1 g. Moreover, the charged
refrigerant composition can be adjusted by controlling the charge mass of each component.
A data acquisition system based on Agilent 34970 is built to record hydrocarbon mixture
mass flow rate, temperature, pressure, and compressor power every 20 s. Main measure-
ment apparatuses and the uncertainties are summarized in Table 3. The test work is carried
out at the ambient temperatures of 16, 20, 25, and 32 °C according to the Chinese National
Standard GB/T 8059-2016 and the literature [32].

Table 3. Main instruments and the uncertainties.

Parameters Devices Accuracy Full Range
Temperature T-type thermoelectric couple. +05°C —150-380 °C
Pressure Pressure sensor. +0.25% 0-2 MPa
. Balance (OHAOS
Refrigerant charge EX35001ZH). +01g 0-30 kg
Refrigerant mass e o 0-5kgh~1/
flow rate Coriolis digital flowmeter. +0.2% 0-10 kg-h~1
Power meter (QINGZHI
Power 8775B1). +0.01W 0-24 kW

The detailed experiment process in this work is as follows:

(1) After leakage detection by nitrogen gas, the dual-temperature refrigerator system
is thoroughly vacuumed with an evacuating pump to achieve the system absolute
pressure under 1.5 kPa before each charged process;

(2) The high boiling component R600a and low boiling component R290 are charged into
the dual-temperature refrigeration system, respectively, at designated mass for each
pure component. It is worth mentioning that pure refrigerants are charged by the
order of R600a and R290 component to avoid the backward phenomenon;
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(3) The experimental refrigerator must be placed inside the environmental chamber for
over 8 h to balance composition distribution before this refrigeration system operation.
The prototype in unloaded condition (i.e., without additional thermal load) should
operate over 24 h to obtain consecutive on—off cyclic operation mode.

3. Results and Discussion
3.1. On-Off Cyclic Operation Features of Zeotropic Mixture Based Dual-Temperature
Refrigeration System

The most popular way to achieve cooling temperature in domestic refrigerator-freezers
is through on-off cyclic operation control by thermostat. For the experimental prototype,
the thermostat is located in the freezer cabinet and the target cooling temperature is
pre-set as —18 °C with a hysteresis of 1 °C by the control panel. Under a no-load state
condition, the refrigerator has been running for over 24 h to maintain a consecutive on-off
cyclic operating state. The system performances of the proposed refrigeration system are
compared with those of the conventional cycle. Figure 5 depicts the freezer and fresh cabinet
temperature fluctuation for the modified refrigeration system and the conventional cycle
during on-off intermittent operation. According to Figure 5, both refrigeration systems can
accomplish the target cooling temperature for two cabinets. Clearly, the freezer temperature
in the conventional cycle ranges from —17.1 °C, during the off-period, to —18.6 °C during
the on-period. Correspondingly, the freezer temperature in the modified refrigeration
system fluctuates between —19.2 °C and —17.0 °C during the on and off operation period.
Considering that the temperature oscillating phenomenon occurs in both cooling cabinets,
innovative control logic such as Artificial Neural Networks [33] can be a better solution to
further enhance the system performance.
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Figure 5. Fluctuations of the cabinet temperatures (a) conventional refrigeration cycle and

(b) modified refrigeration system.

Figure 6 depicts the variation tendency of compressor power at the on-off cyclic
running state for both refrigeration systems. It should be pointed out that the average
compressor power of the proposed refrigeration system during the on-period is 91.2 W and
23.2% higher than that of conventional cycle. This phenomenon lies in the mass flow rate
increase at the compressor suction port for the proposed refrigeration system. Furthermore,
the presented system can reduce the compressor duty cycle by 21.2% compared with
conventional refrigeration cycle. Consequently, the refrigerator installed with the proposed
refrigeration cycle has the daily power consumption of 1.60 kWh-24 h~1, 3% lower than that
of conventional cycle. Thus, the proposed refrigeration system demonstrates its application
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advantages in the refrigerator, and this also provides experimental validation and support
for previous theoretical study.

150
—— Conventional refrigeration system
—— Modified refrigeration system
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Figure 6. Compressor power fluctuation during on-off cyclic operation.

The following part of this work mainly concentrates on the cyclic operation character-
istics of the proposed refrigeration system. Figure 7 illustrates the evaporation temperature
fluctuation trend in both the refrigerating loop and the freezer loop. It can be observed that
the evaporation temperature difference between the freezer and the refrigerating evapora-
tion temperature fluctuates from 2.1 °C and 6.5 °C under cyclic operation conditions. This
fact results from different composition steams in these two loops because of the composition
shift phenomenon in the phase separator. Actually, the refrigerant compositions are quite
different for these two parallel loops according to our previous experimental work [28]. The
lower boiling point component R290 enters the freezer loop and achieves a lower evapora-
tion temperature at the same evaporation pressure. Moreover, this temperature difference
reaches the peak at the end of the compressor on period. The refrigerant superheating
degree at the freezer evaporator outlet is 0~4 K during the compressor’s running period.
Correspondingly, the refrigerant superheating degree at the refrigerating evaporator exit
is 9.7 K on average. Figure 8 shows the compressor suction and the discharge pressure
variation trend during the on-off operation at a given condition. The compressor discharge
pressure oscillates from 0.82 MPa at the end of the off-period to 0.65 MPa at end of the
on-period. The corresponding compressor suction pressure fluctuates from 0.11 MPa to
0.22 MPa. Consequently, the compression ratio shifts from 3.0 to 7.0 because of the on-off
duration, which is under the design condition of the compressor.
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Figure 8. Compressor suction and discharge pressure fluctuation during on—off cyclic operation.

Figure 9 depicts the refrigerant mass flow rate fluctuation at the compressor’s dis-
charge exit My;s and the fresh evaporator outlet Mrgo. Within 50 s after the compressor
startups, the mass flow rates rapidly reach summit values of approximately 0.9 g-s~! and
0.58 g-s~! for the compressor discharge loop and the refrigerating loop, respectively. The
main reason is to swiftly accomplish refrigerant migration and build the pressure difference
between high- and low-pressure sides. Subsequently, the refrigerant mass flow rate of the
total circuit My;s decreases continuously until the end of the on-operation period. Corre-

spondingly, the refrigerant mass flow rate in the refrigerating loop Mrgo decreases from
0.58 t0 0.30 g-s~ ! and maintains the status quo during the later stage of the on-operation
period. There is an interesting phenomenon that Mggo fluctuates within 0.08 to 0.30 g-s ! at
the off-operation stage. This is due to the comprehensive effect of the compressor shutdown

and refrigerant migration from the condenser.
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Figure 9. Mass flow rate fluctuation during on—off cyclic operation.

3.2. The Effect of Refrigerant Charge on Intermittent Operation Characteristics

As is well known, the refrigerant charge is an important factor to affect the system
performance for the refrigeration cycles. Thus, the effect of the refrigerant charge on
the intermittent operation characteristics is investigated for a separation condensation-
based refrigeration system. Figure 10 shows the compressor power fluctuation during
the on—off intermittent operation period for different refrigerant charges under the given
condition: Tymp =25 °C and Z¢ rgpoa = 50%. It can be seen that all the cases can achieve
consecutive on-off operation conditions when the charge amount changes from 280 g
to 340 g. Clearly, the compressor power jumps to the peak value within 50 s after the
compressor startups, which is in accordance with the variation trend of mass flow rate
in Figure 9. Furthermore, the average compressor power increases from 93 W to 103 W
during the on-period as the refrigerant charge ranges from 280 g to 340 g. The major
cause is that the refrigerant mass flow rate through the compressor rises due to the charge
amount increment. Correspondingly, the compressor duty cycles are 84.1%, 73.2%, 76.2%,
and 72.1%, respectively, at refrigerant charges 280 g, 300 g, 320 g, and 340 g. The daily
power consumption is used to comprehensively estimate the system performance at the
cyclic operation stage. Figure 11 depicts the daily energy consumption variation trend with
the refrigerant charge. As the refrigerant increases from 280 g to 340 g, the daily energy
consumption firstly decreases from 1.89 kWh-24 h~! to 1.60 kWh-24 h~! and then rises
to 1.74 kWh-24 h~! under the general influence of the compressor power and the duty
cycle. Thus, there exists the optimal refrigerant charge of 300 g to obtain the lowest energy
consumption of 1.60 kWh-24 h~—. It should be noted that the proposed refrigeration system
adopts a compressor with a lubricant oil of 300 g. Considering that oil management is a
key issue for all refrigeration systems, an oil separator can be adopted to avoid potential oil
management problems.
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Figure 10. Influence of refrigerant charged mass on compressor power.
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Figure 11. Influence of refrigerant charged mass on duty cycle and energy consumption.

3.3. The Effect of Refrigerant Component Fraction on Intermittent Operation Characteristics

In our previous work [31], the circulation concentration for binary refrigerant always
deviates from the corresponding charged concentration. The refrigerant concentration
discussed in the following is designated as the charged composition (mass fraction for each
component) at the compressor process port. Figure 12 illustrates the compressor suction
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and the discharge pressure fluctuation with different charged refrigerant compositions
under the given conditions: Tymp =25 °C and Mparge = 300 g. Apparently, both compressor
discharge and suction pressure increases with the increasing concentration of R290. Note
that the maximum compression ratio decreases from 8.1 to 6.5 during the compressor-on
status as the R600a charged concentration changes from 0.3 to 0.7. The compressor power
variation trend during the cyclic operation period is shown in Figure 13. The average
compressor power during the on-period decreases from 104.5 W to 79.2 W due to the
reduction in the compression ratio and a higher compressor efficiency with the increment
of R600a concentration. Correspondingly, the compressor duty cycles are 83.8%, 72.1%,
73.2%, 86.9%, and 96.9%, respectively, when the R600a-charged concentration ranges from
0.3 to 0.7. Thus, R600a-charged concentrations at 40% and 50% mass fraction are considered
as the candidates to achieve a lower duty cycle. Furthermore, the daily power consumption
also fluctuates with the refrigerant-charged concentration as depicted in Figure 14. The
daily energy consumption firstly declines from 2.11 to 1.60 kWh-24 h~! and then goes
up to 1.86 kWh-24 h~! as the R600a-charged mass fraction increases from 30% to 70%.
Although the compressor operation time at Z¢ repoa = 50% is slightly longer than that at
Zc re00a = D0% according to Figure 12, the compressor power at Zc reooa = 50% is averagely
9.7% lower as reported in Figure 13. In general, the minimum energy consumption of
the prototype refrigeration system of 1.60 kWh-24 h~!is attained at Zc Re00a = 50%. This
demonstrates that the refrigerant mixture component fraction (charged concentration)
can significantly influence the energy consumption for the proposed dual-temperature
refrigeration system.
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Figure 12. Compressor suction and discharge pressure fluctuation with different charged
refrigerant compositions.



Energies 2022, 15, 3990

14 of 19

150
o Zerao0e=30% — Zcrs0a=40% M. =300g
—— Zcr600a=50% —7— Zcreoa=60% T, =25C
120
290 |
o
z
<)
a,
360
5
=}
% |
Q30 |
0 AW 1 s110040AN I | .\—4 " | L
0 500 1000_ 1500 2000 2500

Time/s

Figure 13. The compressor power variation trend during cyclic operation period.
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Figure 14. Compressor duty cycle and daily energy consumption variation with refrigerant-
charged concentration.

3.4. The Effect of Throttling Valve Opening on Intermittent Operation Characteristics

Figure 15 describes the compressor power fluctuation trend with the opening of the
throttling valve. It can be noticed that the compressor power during the on-period increases
from 91.2 W at a 10% opening to 94.8 W at a 40% opening with the rising amplitude up to
4%. The main reason lies in two aspects: For one thing, the increase in the throttling valve
opening contributes to freezer evaporation pressure increase and a lower compression ratio.
As shown in Figure 15, the compression ratio fluctuates from 3.0 to 7.3 at a 10% opening of
the throttling valve during cyclic operation. Correspondingly, the compressor ratio changes
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from 3.0 to 6.8 at a 40% opening of the throttling valve in the on-off cycle process. The
compression ratio obviously decreases as stated in Figure 11. Consequently, the compressor
efficiency can be improved along with the rise of the throttling valve opening. On the other
hand, the increment of the throttling valve opening brings about the ascent of the mass flow
rate in the freezer loop, leading to the rise of the overall refrigerant mass flow rate through
the compressor. Thus, the compressor power increases as the opening of the throttling
valve under the contradictory influence of these two aspects.
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Figure 15. The compressor power and compression ratio variation during on-off intermittent operation.

In the meantime, the compressor duty cycle ascends from 73.2% to 77.2% as the
opening of the throttling valve increases from 10% to 40% as shown in Figure 16. This
phenomenon can be explained as: the increment of the throttling valve opening causes
lifts both in the refrigerant mass flow rate and the freezer evaporating pressure. The
increase in the freezer evaporating pressure or the temperature can contribute to the
reduction of specific enthalpy difference in the evaporators, resulting in the decrease in
the cooling capacity. Eventually, the compressor duty cycle should increase to maintain
the refrigeration temperature. Furthermore, the daily power consumption fluctuates
between 1.60 kWh-24 h~! and 1.75 kWh-24 h~! together with the rise of the throttling valve
opening. From the comprehensive consideration for compressor power and daily energy
consumption, the optimal opening of throttling valve is determined at 21%.

3.5. The Influence of Ambient Temperature on Intermittent Operation Characteristics

The composition shifts and the separation process occurring in the phase separator are
closely related with the refrigerant quality at the separator inlet. The ambient temperature
can influence the refrigerant’s condensation phenomenon in condenser-1, and this affects
the refrigerant quality at the inlet of the phase separator. Thus, the ambient temperature
can influence the refrigerant composition separation and the refrigerant flow rate allocation
in the parallel loops. Moreover, the ambient temperature can determine the compressor op-
eration status and efficiency. In general, the ambient temperature indicates a key influence
on cyclic operation characteristics.
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Figure 16. The compressor duty cycle and compressor power fluctuation during on-off cyclic operation.

The external ambient temperature of 16 °C, 20 °C, 25 °C, and 32 °C are selected
as the specific test conditions for the energy consumption performance investigation of
domestic refrigerators according to the Chinese National Standard GB/T 8059-2016 and
the literature [32]. The variation of the compressor discharge pressure with the increase
in the ambient temperature T, is illustrated in Figure 17 under the given conditions:
Z¢ r290 = 50% and Mparge = 300 g. It can be seen that the compressor discharge pressures
jump to the summit value in the first 150 s after the compressor startup. Afterwards,
the compressor maintains the stable operation pressure during the remaining time of the
on-period and then decreases to the minimum value following compressor shutdown
action. Furthermore, the peak value of the compressor discharge pressure rises from
0.72 MPa to 1.04 Mpa when the T,,;, ranges from 16 °C to 32 °C. The main reason for
this phenomenon lies in that the increment of T,;,,;, degenerates the heat transfer in the
condensers. Consequently, the phase change during refrigerant condensation is affected
and the low boiling component R290 is more susceptible to ambient temperature change.
Thus, the condensation process from refrigerant gas to a liquid attenuates, especially for
the low boiling component R290, leading to a compressor discharge pressure lift. As a
consequence, the compressor power during the on-period increases from 92.7 W to 103.9 W
because of a higher compression ratio and a lower efficiency with the increment of Ty,
as shown in Figure 17. Figure 18 depicts the duty cycle and daily energy consumption
fluctuation as ambient temperature T,p,. It can be observed that the compressor average
power during the on-period keeps increasing with the rise of Tyy,,. This phenomenon can
be clarified as: the increment of T,}, contributes to the rise in the evaporation pressure.
Consequently, this results in the reduction of a specific enthalpy difference in the evaporator
and the refrigeration capacity. Moreover, the rise of the ambient temperature inevitably
leads to the rise of the heat load in the refrigeration system. Thus, the compressor duty
cycle ascends from 58.7% at T,p =16 °C to 83.5% at Ty, =32 °C. Correspondingly, the
daily energy consumption rises from 1.13 kWh-24 h™! to 2.07 kWh-24 h™! as the T,
changes from 16 °C to 32 °C.
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4. Conclusions

Experimental investigations on the on—off cyclic operation features of a separation
condensation-based R290/R600a dual-refrigeration system are conducted. The application
advantages of the proposed refrigeration system have been demonstrated through the
comparison with a conventional cycle under an on—off operation mode. Furthermore, the
influence of the different refrigerant charge, the refrigerant mass fraction, the throttling
valve opening, and the ambient temperature on cyclic operation characteristics are evalu-
ated by experimental study. According to the reported results, the following conclusions
are made:
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(1) The compressor average power for the duration of the compressor startup increases
and the compressor duty cycle first declines then increases with the rise of the refrig-
erant charge from 280 g to 340 g;

(2) The daily energy consumption decreases from 2.11 kWh-24 h~! to 1.60 kWh-24 h~!
and then goes up to 1.86 kWh-24 h~! as the R600a-charged concentration increases
from 30% to 70%. Thus, the minimum power consumption of the compressor is
1.60 kWh-24 h~1, which is achieved at the refrigerant charge of 300 g and the R600a-
charged mass fraction of 50%;

(3) The average power of the compressor during the on-period increases and the compres-
sor duty cycle goes up as the freezer valve opening increases. From the comprehensive
consideration for compressor power and daily energy consumption, the optimal open-
ing of the throttling valve is determined at 10%;

(4) A higher ambient temperature results in heat transfer deterioration in the condensers
and significant rise in the cabinets” heat load, which finally generates the increase in
the compressor duty cycle and daily power consumption.

Generally speaking, this study offers an in-depth insight for cyclic operation behaviors
of a separation condensation-based R290/R600a dual-temperature refrigerator under two
parallel evaporators’ concurrent cooling mode. Eventually, this investigation will promote
the application of zeotropic mixture refrigerant in small-scale refrigeration equipment.
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