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Abstract

Conversion of CFC12 systems to eco-friendly ones will be a major thrust area for refrigeration sector in the near future. As and
when an existing CFC (chlorofluorocarbon) system has to be recharged it is advisable to retrofit the system with an eco-friendly energy
efficient refrigerant. Presently two potential substitutes, namely, HFC134a and HC blends are available as drop in substitutes for CFC12.
HC (hydrocarbon) refrigerants do have inherent problems in respect of flammability. HFC134a is neither flammable nor toxic. But HFCs
(hydrofluorocarbons) are not compatible with mineral oil and the oil change is a major issue while retrofitting. The above techno-economic
feasibility issue to retrofit the existing CFC12 systems with ozone friendly refrigerant and the energy efficiency of the system are the
challenges in the domestic refrigeration sector. In this present work an experimental analysis has been carried out in a 165 | CFC12 househol
refrigerator retrofitted with eco-friendly refrigerant mixture of HFC184@€290/HC600a without changing the mineral oil. Its performance,
as well as energy consumption, is compared with the conventional one. As the system has been running successfully for more than 12 month
it is also evident that the new mixture is compatible with mineral oil. It has been found that the new mixture could reduce the energy
consumption by 4 to 11% and improve the actual COP by 3 to 8% from that of CFC12. The new mixture also showed 3 to 12% improvement
in theoretical COP. The overall performance has proved that the new mixture could be an eco-friendly substitute to phase out CFC12.
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1. Introduction way or other come for service. Due to the reduction in
. _ o _ production of CFCs and the nonavailability and high cost
The refrigeration sector is in the midst of an unprece- of CFC refrigerants, the existing CFC based refrigerators (in
dented transition crisis catalysed by environmental concernsindia approximately 25 million) may have to be dispensed
with the impact of refrigerant emissions. As per the Montreal \ith as and when some service problems arise, which the
protocol, CFC12 is being phased o_ut following a stipulated economy of a developing country would not permit. To
time frame. The developed countries have already phaseqgrofit the existing CFC12 refrigerators with eco-friendly
out this substance and the developing countries are to tOta"ytechnology two matching refrigerants are available, namely,
phase out the CFCs by 2010 as per the Montreal pmtOCOI'HFC134a and HC blend. HFC134a systems do have inherent
Most of the developing countries are drastically reducing S S
; . . . service issues because of the POE oil in the compressor, as
their CFC production and consumption. This demands for HFC134a is not miscible with conventional mineral oil. On
a suitable substitute for CFC12 for possible retrofitting of e
the other hand, HC blends have the problem of flammability

existing systems as well as for new systems. limitation in the ch , ¢ f.
The refrigerator production and sales rate in developing 2"d limitation in the charge quantity due to safety (fire

countries made significant leaps only in the last decade andhazard) regulations. Hence, it would be a significant benefit
for another 15 years all the refrigerators sold would one forthe RAC technicians in the service sector if HFC134a can

be made to work with mineral oil. It has been reported that
EEra— the oil miscibility problem for HFC134a in mineral oil could
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blend additive to work with mineral oil. Already many there is a decrease in saturation temperature because of the
research works have been done in the above two refrigerantgpressure drop along the flow path. But in most of the refrig-
including retrofitting options. eration systems the pressure drop is not very large due to
The power consumption of a HFC134a system would the sufficient tube diameter. When zeotropic mixtures evap-
be 10 to 15% more than CFC12 system [2]. The theoret- orate inside tubes, the more volatile component evaporates
ical COP of the HFC134a refrigeration system operating first and the liquid becomes rich in less volatile component.
at—18°C evaporator temperature and45condenser tem-  Because of the increase in the less volatile component in
perature was observed as 2.5% lesser than that of CFC12he liquid, the decrease in saturation temperature as a con-
system [3]. The performance study on single-evaporator do-sequence of the pressure drop is compensated [12]. It has
mestic refrigerator charged with pure and mixed refriger- peen reported that HC600a could be used as an additive to
ants indicated that the COP of HFC134a is 3% less thantackle the oil return problem in the evaporator [1,3]. Since
that of CFC12 [4]. The retrofitting experience showed that HCe00a is less volatile than HFC134a the evaporator liquid
HFC134a has a very low solubility in mineral oil and due to  pecomes rich in HC600a. Due to this the circulation fluid is
the reactive nature of the residual mineral oil with the lubri- yich with the more volatile component [14] HFC134a and
cant Polyol ester (POE) oil and HFC134a, a stringent flush- the ojl might not be removed, as mineral oil is not misci-
ing procedure should be adopted while retrofitting CFC12 p|e with HFC134a. Hence the requirement of a high volatile
systems with HFC134a [5]. Experimental studies on the ¢omponent with the above mixture is found to be essential to
retrofitted HFC134a system indicated 5 to 8% lesser COP jyhr6ve the oil carrying capacity of the refrigerant mixture.
than that of conventional CFC12 system [6]. Propane being more volatile than HFC134a can be consid-
It has been reported that the CFC12 based heat pumps e gyt propane has lesser COP than HFC134a in domestic
could be retrofitted with HFC134a and HC mixture with refrigeration systems [15], and so a reduction in COP is ex-

(rjnine_ral il ?s cc(;n;]preiso(rzlougriﬁagt. CFIr:Oer;he experimelgtsl pected if that alone is added with HFC134a as an oil carry
ata itwas found that the ofthe system couldbe o o qitive. However, HFC134HC600a mixture could

improved by 5%. Further, the COP of the CFC12 heat pumpsimprove the COP of CFC12 systems by 5% [7]. To utilise

improve by 3.5%, when they were re_trofitted with a _mixture the above advantages of HC600a and HC290, a blend of both
of HFC1344HC600a (80:20) by weight [7]. Experiments . nsidered as the additive with HFC134a in this study.
were conducted on domestic refrigerators with HC mixtures The availability and thermodynamic properties were

at various composition, HC29B81C600a mixture with 0.55 . . -

10 0.6 mass percentage of HC600a yielded 3 to 4% increaseconSIdered t(_)_select the right composmon_of HC blend to b_e
. - used as additive. The COP of the domestic and commercial
in energy efficiency as compared to CFC12 [8].

Domestic refrigerators and freezers were experimentally rltg‘rtlgezrggocvﬁzsttﬁ ms hav;algéegl rigortf dtto ?ﬁ '%Cﬁgggg by
tested with various alternative refrigerants including sin- 0 0 euseo ends that conta a

gle substances, azeotropes and zeotropes [9]. The majof"Ind HC290 [16-20]. HC b_Iend that consists of 54.8%
and minor design modifications required including that in HC600a ar_ld 45.2% H_C_290 is one of the ”"_'OSt popular HC
the compressor has been reported. Most of the alternatived!€ds available. Also itis found to be chemically stable and
proposed were HFCs and HCs. To overcome the flamma-nonreactive with nonmetalllg: components used in herm_etlc
bility issue of HC, CRl (trifluoroiodomethane) has been COmMPressors [21]. Hence it has been taken as a viable
proposed as a flame suppressant, however, this reduce@dditive with HFC134a to retrofit existing CFC12 systems
the refrigeration capacity. The nonazeotropic mixture of (USINg compressor with mineral oil) without incurring any
80%HFC134420%HFC143a with internal heat exchanger additional cost that is needed to retrofit with pure HFC134a
has yielded a performance lesser than that of CFC12 [1O]_re_frigerant or with HC blend. Further in this paper this HC
For good oil miscibility in HFC systems polyol ester oil mixture (54.8% HC600a and 45.2% HC290) is referred as
is required. It was also observed from published literature HC blend. Since the quantity of the HC blend used in the
that suitable additives could increase the solubility of min- System is less than 10% of the total charge, even if any
eral oil with HFC134a [11]. With this background of diverse leakage occurs the full HC quantity does not exceed the
reports on alternative refrigerants the present work was en-lower flammability limit in respect of flammability during
visaged to study the feasibility of making HFC134a work in normal operating conditions.

CFC12 systems but with mineral oil. The oil miscibility is- ~ To confirm the properties of HC blend, the thermophys-
sue is tackled by incorporating a HC blend as an additive to ical properties of the selected blend as given by the manu-
the drop in substitute for CFC12. facturer have been compared with the property values ob-

tained in the REFPROP software for different compositions

of HC290 and HC600a. It was found that the property val-

2. Refrigerant selection ues specified by the manufacturer were matching with the
REFPROP values for the blend that contains 45.2% propane

Generally, HC additives with HFC134a behave like a and 54.8% isobutane. With this composition for blend, var-
zeotrope. As in the case of pure substances during boilingious mass fractions of that with HFC134a have been taken
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to find the thermophysical properties of the blend through the vapour density of the new mixture is less than that of

REFPROP. CFC12, a reduction in compressor work is expected.
HFC134a with 12% of HC600a was identified as a

promising alternative refrigerant in bottle coolers operating

with mineral oil [13]. Experiments conducted on domestic 3, Experimental setup and procedure

refrigerators with HFC13441C600a mixture as refrigerant

and mineral oil as compressor lubricant indicated that the  Two equally old (6 years) refrigeratorsyRand R
performance was good while 8% of HC600a was used asbelonging to the same brand and having the same type of
additive. Based on the above observation, in the present workcompressor were taken for this study. Refrigeratgr\as
experiments were conducted for the mixture containing 7, 9 used to conduct all the tests with the mixtures angl R
and 11% HC blend (by weight) in HFC134a. These mixtures that was running with CFC12 throughout the test period
are further referred in this paper as M07, M09 and M11 to compare the performance ofsRwith the conventional
mixtures. The properties of the three blends obtained from system at various ambient conditions. The schematic of the
REFPROP have been plotted for the operating temperatureexperimental setup is shown in Fig. 5. Pressure gauges of
range as shown in Figs. 1-4. From Fig. 1 it was found that +0.25% accuracy were mounted in the inlet and outlet of
the more mass fraction of propane, the higher the condensingboth condenser and evaporator and film type PT100 RTD
pressure and it also lowers the evaporator temperaturesensors of+0.1°C accuracy were used to measure the
which may cause high frost formation on the evaporator. temperature at various points in the evaporator, inlet and
Hence the mass fraction of HC290 was limited to 0.04 outlet of compressor, condenser and at various positions
and correspondingly a mixture which contains 0.09 mass inside the food/freezer compartment of the system. Twenty
fraction of HC blend (91% HFC134a and 9% HC blend— such sensors were fixed along the length of the evaporator
M09) was selected as refrigerant mixture to handle the oil coil. In that one sensor was placed at the inlet to accumulator,
return problem as well as improve the performance of the two were placed along the accumulator length and another
system. As shown in Fig. 2 the mixture has a lower liquid one sensor was placed at the exit of the accumulator. Since
density and that could yield lower frictional losses. Since clinching type plate evaporator was used the influence of
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y/———— CALORIMETERSHELL
// charge has been evolved at 116.5, 114 and 111.5 g for M0O7,
/ T STRRERMOTOR MQ9 and M11, respectively. The heat capacities have been

S found to be matching with that of CFC12 for the selected

a4 / FVAPORATORCOIL mass due to the higher enthalpy values of the mixtures. The
S HEATER viscosity is also found to be less than that of CFC12 and
// due to that an improved heat transfer coefficient is expected

y CAPILLARY - SUCTION

Y HEAT EXCHANGER [18,20].

4 | TEMP. SENSORS It has been reported that the refrigerants HFC134a,

HC600a and HC290 had an improved COP due to suc-
tion line/liquid line heat exchange [22]. Hence the capillary-
suction heat exchanger used in domestic refrigerator has
been considered as an important avenue for COP improve-
ment and the same was maintained in the present setup. The
dimension of the capillary tube was measured and it was

—— EVAPORATOR

— CONDENSER

CAPILLARY TUBES —

HEADER —1

_|— PRESSURE GUAGE

SIGHT GLASS —1 ~ found to be matching with the manufacturer’s specifications.
BALLVALVES — ¢ — COMPRESSOR To measure the energy consumption both refrigerators
were kept inside a test room at no load. The temperature

Fig. 5. Schematic diagram of the experimental setup. at various compartments inside the refrigerator viz.2@5

freezer compartment, 0 to°& food compartment and 8
plate heat transfer between adjacent pipes in measuring theo 14°C crisper compartment were maintained (Bureau of
temperature was observed. Hence to avoid the influence ofindian Standards (BIS) 1476). All the observations were
plates in measuring the temperature the pipe was sufficientlytaken at a steady state condition after 3 h. The energy
separated from the plate wherever the RTDs were fixed. consumption per day was also recorded with an energy
To estimate the actual COP the same type of evaporatormeter with +0.25% accuracy. The above said data were
coil used in the refrigerator was kept inside a secondary observed by running the system with CFC12 and various
refrigerant (ethylene glycol) calorimeter in which the heat mixture compositions. To find out the actual COP the
in-leak was ensured to be less than 5% of the evaporatorevaporator inside the refrigerator was disconnected and
capacity. To maintain constant temperature a stirrer wasthe system was connected to the calorimeter by suitably
provided and five temperature sensors were provided insideoperating the ball valves. To find the evaporator capacity
the calorimeter to find the average temperature of the at a particular temperature the heater load was adjusted
ethylene glycol. Suitable ball valves were fixed in the by a dimmerstat to match with evaporator capacity so that
flow circuit between evaporator coils so that either one the temperature of ethylene glycol remained constant for a
of the evaporators could be selected to be included in minimum of 5 h before the readings were taken. For various
the circuit for study. To measure the compressor load and calorimeter temperatures ranging froal5 to —4°C, the
heater load a wattmeter witlt0.2 W accuracy was used. power consumption of the compressor and heater load were
Proper instrumentation was also made to measure the energyecorded by separate wattmeters. To calculate the actual
consumption, pressure, flow and temperature at variousevaporator capacity, the heat leak in the calorimeter shell at
points in the refrigerator, & All the temperature sensors various temperatures has been added with the heater load.
were connected to a computer through a data logger. TheThe above procedure was repeated five times and the average
measured values were used to study the system performanchas been considered.
changes with respectto life. A sight glass was providedatthe The three mixtures were prepared separately in three
outlet of the condenser to check the quality of refrigerant.  different cylinders. Each mixture component was weighed

As per the manufacturer of the appliances, the quantity individually in an electronic balance with an accuracy of
of charge was 135 g. To optimise the charge both R +0.1 g and filled in the respective cylinders. The HC
and R: were charged with 125, 130, 135, 140 and 145 g additive was first sent into the mixture cylinder (as it had
of CFC12 and their performance at 32 were studied. lower vapour pressure than HFC134a) which was followed
During the study, due to additional modification in the by admitting HFC134a. Also the cylinders were maintained
refrigerant circuit for experimentation, the,fFhas showna  at low temperature to avoid backpressure development that
good performance at a charge of 140 g. ks shown good  obstructs flow. To avoid the concentration shift, excess
performance at the recommended charge of 135 g. Hencequantity of refrigerant mixture was prepared so that the
these charge quantities were taken as reference to evolveequired charge (for all tests put together) will not be more
mixture quantities. Fig. 3 shows that the vapour densities of than 90% [23] of the prepared quantity. A purity level of
the selected mixtures at suction conditions were less than99.5% was maintained for all the refrigerants. From the
that of CFC12 and correspondingly a lower mass of new energy consumption test it was found that the M09 mixture
mixture has to be charged in an existing compressor whichis superior. Hence for analysis of actual COPs CFC12 and
is designed to handle the flow rate of CFC12. An equivalent M09 only were considered.
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. . 1.9
4, Resultsand discussion - CFC12  -~M09

1.8 4 -=M07 > M11
As per the procedure discussed earlier, tests were carried_ 171
out in both systems at no load conditions. To compare 3
the performance of the systemgRnd R, initially, they 1.6 1
were charged with CFC12 and their energy consumption, <
temperature distribution, pressure and flow were measurec% 51
inside a test room at a temperature of°82 In the above & 1.4 ]

condition refrigerators R and Rz consumed 1.58 and

1.576 kWh per day, respectively. The other recorded values 137
also showed less than 1% difference between the two 12 . : ;
systems for all the parameters. Hence both systems were 24 28 32 38 43
assumed to be identical. During the twelve month long AMBIENT TEMPERATURE (°C)

test the change in performance of the system \Ras i - i ) )
L . Fig. 6. Variation of energy consumption per day with respect to ambient
also insignificant. Hence the values were considered to beeyperatures.

kW h/da

comparable.

The mixtures prepared as per the procedure mentioned 2
were charged into the system one after the other and all ~CFC12 = M07
the required parameters were recorded at various ambient 191 +M09  M11

COP

conditions of 24, 28, 32, 38 and 48. Each test was 18 1
repeated for minimum of five times to check the repeatability
of the data and the average was considered. The variation in e
the test data from the average was withid%. The energy 16
consumption data obtained for different mixtures at various

ambient conditions are plotted in a graph as shown in Fig. 6. 18

From that it has been found that the energy consumption 14 . : . ;

of the three mixtures is less than that of CFC12 at various 24 28 32 36 40 44
operating conditions. Among the three mixtures the M09 AMBIENT TEMPERATURE (°C)

was characterised with 4.8 to 6.4% less energy consumption

than that of CFC12. The theoretical COP of the system at

various operating conditions was calculated by taking the 1 05 AT I AVEIENT

enthalpy property values of the refrigerant from REFPROP - - CFC12 AT 43 C AMBIENT

software at various state points where the pressure and 09 ... Heaf 32 0 AMBIENT T

temperature were ob_talned f_rom tht_e experimentation and f:'\cf'ggsz/fTGz‘%C%MAB,\'A%"I‘ENT

plotted as shown in Fig. 7. This also indicates that the COP 0.8 1

of M09 mixture is 3 to 12% higher than that of CFC12.

It is observed that the COP of M0O7 mixture falls below & 971

the COP of CFC12 as ambient temperature increases to - .

39°C while M09 and M11 does not behave so. This canbe ¢ }—77----"""

attributed to the fact that the pressure ratio for MO7 mixture

is higher than that of M09 and M11 which is typically

8.65 for MO7 while it is 8.48 and 8.45 for M09 and M11, 04 . . .

respectively, at 55C condensing temperature ar®3°C A5 12 9 6 4

evaporating temperature. The actual COP of M09 mixture BRINE TEMPERATURE ( °C)

from calorimeter test for brine temperature varying from

—15 to —4°C are plotted in Fig. 8. The readings were Fig. 8. Actual COP with respect to brine temperature for ambient tempera-

taken for 26, 32 and 43C ambient temperature. For all the e 26, 32 and 4%C.

temperatures M09 mixture shows 3 to 8% higher COP than

that of CFC12. Itis also found that the COP improvement of length of the evaporator is permissible. To ensure this,

MO9 is significantly high at higher brine temperatures. the temperature along the evaporator coil was recorded for
The refrigerant mixture being zeotropic in nature may the various operating conditions and it has been plotted in

cause a temperature variation along the evaporator coil andgraphs as shown in Figs. 9-13. It was observed that a steep

due to that, uneven frost formation would occur in the gradientexists only inthe accumulator, which is kept outside

freezer compartment. This may create problems in fixing the freezer cabin, and the glide inside the cabin was found to

the thermostatic switch. As per manufacturer’s guidelines, be around 3C only for the different operating conditions.

in domestic systems € temperature variation along the This shows that the proposed mixture does not affect the

Fig. 7. Variation of COP with respect to ambient temperatures.
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The pressure difference across the condenser and evapo-
rator is also plotted in Fig. 14. It shows higher values than
that of CFC12 system due to the higher vapour pressure of

performance of the freezer compartment. It is also observedthe mixture as seen in Fig. 1 itself. The compressor dome
that when the ambient temperature increases, the averagéemperature was also measured for all the tests carried out
temperature of evaporator coil was 1.5 to 6% lower than and the results are plotted in Fig. 15. It is found that the

that of CFC12 systems. Hence better performance of thenew mixture reduces the compressor operating temperature

refrigerator could be attained.

also and this can extend compressor life. It is inferred that
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8 CCFC12 M1 mixture is superior. The oil return aspect also has been
ensured in this study by continuously running the system
Ssq M9 MO for 8,000 h.
o e During the tests, none of the existing components were
o e .
2 70 replaced/modified and hence for the small-scale service
= sector this simple retrofitting method would be a better
§ o | choice to tackle the service issues in the near future
B while CFCs are to be phased out.
y e The M09 mixture will also reduce the indirect global
8 603 warming by reducing the C£emissions in power plants
because of its higher energy efficiency.
55 : : .
24 28 32 38 43 Thus the techno economic viability of retrofitting CFC12
AMBIENT TEMPERATURE ( °C) domestic refrigerators with MO9 mixture is proved.

Fig. 15. Variation of compressor dome temperature with respect to ambient
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