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Abstract The aim of the present work is to bring out an
exergy analysis of the hydrocarbon refrigerant mixture of
R290/R600a as an alternative to R134a on the performance
of a domestic refrigerator which is originally designed to
work with R134a. The performance of both refrigerants
was evaluated using an exergy analysis. The effects of
evaporator temperature on the coefficient of performance
(COP), exergy loss, exergic efficiency, and efficiency
defect in the four major components of the system for
R134a and R290/R600a mixture were experimentally
investigated. The results obtained showed that the COP of
R290/R600a mixture was improved up to 28.5 % than that
of R134a. The highest average exergic efficiency of the
system (42.1 %) was obtained using R290/R600a mixture
at an evaporator temperature of 263 K (—10 °C). The
overall efficiency defect in the refrigeration cycle working
with R290/R600a mixture was consistently better than
R134a.
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To Ambient temperature (K)
s Specific entropy (J kg™' K™
m Mass (refrigerant) flow rate (kg sh

W, Compressor work input (W)
QOconda Heat removed at condenser (W)
QOeva  Refrigerating effect (W)

Teona  Condenser temperature (K)

Teva Evaporator temperature (K)

Greek symbols

Exergy flow (J kg™ ")
nx Exergy efficiency (%)
d  Efficiency defect

Subscripts

comp Compressor

cond Condenser

exp Expansion device
eva Evaporator
Introduction

Domestic refrigerators are major energy consuming appli-
ance in household environment [1]. R134a is the most
widely used refrigerant in domestic refrigerators, due to its
excellent thermodynamics and thermophysical properties.
But, it must be phased out soon according to Kyoto pro-
tocol due to its high global warming potential (GWP) of
1,300 times more than CO,. Many researchers [2—4] have
reported that GWP of hydrofluorocarbon (HFC) refriger-
ants is more significant even though it has less than that of
chlorofluorocarbons (CFC) refrigerants. Regarding the
issue of high GWP of R134a, thermal storage using sec-
ondary refrigerants or phase change materials can relieve
this issue by reduction of R134a charge for domestic
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refrigerators [5—7]. Another option for this issue is to find
promising environmentally-friendly R134a alternatives.
Some RI134a refrigerant substitutes that meet these
requirements are a key process in this investigation. Many
researchers have reported that hydrocarbon-mixed refrig-
erants are found to be an energy efficient and environ-
mentally-friendly  alternative option in household
refrigerators.

Pure hydrocarbon refrigerants are not suitable as drop-in
substitutes for R134a due to its mismatch in volumetric
cooling capacity and operating pressure [8]. Jung et al. [9]
experimented with R290/R600a (in the ratio of 60:40, by
mass fraction) as an alternative to R12 in 299 and 465 1
domestic refrigerators and reported that coefficient of
performance (COP) and energy efficiency were improved
by 2.3 and 4 %, respectively. Akash and Said [10] exper-
imented with LPG (composed of R290, R600, and R600a,
in the ratio of 30:55:15, by mass) as an alternative to R12
in domestic refrigerators at various mass charges 50, 80,
and 100 g. The results reported that 80 g of LPG showed
the best performance compared to that of R12. Lee and Su
[11] carried out an experimental study on the performance
of a domestic vapor compression refrigeration system with
isobutane (R600a) as the refrigerant. The COP of the sys-
tem was improved better than R12 and R134a. Wongwises
and Chimres [12] investigated with hydrocarbon mixtures
and HC/HFC mixtures at different mass ratios in a 239 1
domestic refrigerator at an ambient temperature of 298 K
to replace R134a. It has been reported that R290/R600
mixture (in the ratio of 60:40, by mass fraction) is the most
appropriate alternative. Fatouh and Kafafy [13] experi-
mented with LPG (composed of 60 % of R290 and 40 % of
commercial butane) as an alternative to R134a in a 280 1
domestic refrigerator at 316 K ambient temperature. The
results reported that COP of the refrigerator using LPG was
higher than that of R134a by about 7.6 % with lower values
of energy consumption by about 10.8 %. Based on the
theoretical investigation, it has been reported that capillary
tube length using ternary hydrocarbon refrigerant mixture
(composed of R290, R600, and R600a) with 60 % R290
mass fraction requires 30 % increase in capillary tube
length compared to R134a.

Considering the performance study of commercial
refrigeration equipments and comparative studies of the
behavior of R134a have shown that R134a exhibits the
worst performance when comparing with R290 at the same
original working conditions in a system designed for R12.
Mani and Selladurai [14] carried out a performance study
of vapor compression refrigeration system with the new
R290/R600a refrigerant mixture as drop-in substitute
compared with R12 and R134a. The experimental results
showed that the R290/R600a refrigerant mixture had
28.6-87.2 % higher refrigerating capacity than R134a.
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Mohanraj et al. [15] conducted an experimental investi-
gation with R290/R600a mixture as an alternative to R134a
in a domestic refrigerator system and reported that the COP
of the system was improved with R290/R600a mixture than
R134a. The results also revealed that the life of the com-
pressor is improved due to lesser discharge temperature of
R290/R600a mixture.

Exergy analysis of a thermal system can be performed
by analyzing the components of the system separately.
Identifying the major components of exergy loss gives the
solution for the improvement of a system efficiency. The
main objective of the exergy analysis is to find the mini-
mum power required for a desired output and to minimize
the energy loss in the system components. There are few
articles in the literature related to thermodynamic analysis
which deals with exergy analysis of the refrigerating sys-
tems [16-18]. Said and Ismail [19] assessed the theoretical
performances of R123, R134a, R11, and R12 as refriger-
ants. It was reported that for a specific amount of desired
exergy, more compression work is required for R123 and
R134a than R11 and R12. The differences are not very
significant at high evaporation temperatures and hence
R123 and R134a should not be excluded as alternative
refrigerants. Also, in the study they obtained an optimum
evaporation temperature for each condensation tempera-
ture, which yields the highest exergic efficiency.

Aprea and Greco [20] compared the performance
between R22 and R407C and suggested that R407C is a
promising drop-in substitute for R22. Experimental tests
were performed in a vapor compression plant with a
reciprocating compressor to evaluate the compressor per-
formance using R407C in comparison to R22. The plant
overall exergic performance was also evaluated and
revealed that R22 performance is consistently better than
that of R407C.

Aprea and Renno [21] studied experimentally the per-
formance of a commercial vapor compression refrigeration
plant, generally adopted for preservation of foodstuff, using
R22 and its candidate substitute R417A as working fluids.
They reported that the substitute refrigerant (R417A),
which is a non-azeotropic mixture and non-ozone deplet-
ing, can serve as a long term replacement for R22; it can be
used in new and existing direct expansion R22 systems
using traditional R22 lubricants. Also in their analysis, the
best exergic performances of R22 in comparison with those
of R417A were determined in terms of the coefficient of
performance, exergic efficiency, and exergy destroyed in
the plant components.

Padilla et al. [22] performed an experimental and exergy
analysis in a domestic refrigerator with R413A as a
replacement of R12. They used fans in the condenser and
evaporator to vary the air flows and reported that the
overall exergy efficiency of the system working with
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R413A is consistently better than that of R12. Kumar et al.
[23] derived a method to perform a exergy analysis of a
vapor compression system using R11 and R12. Arora and
Kaushik [24] did a detailed exergy analysis in the vapor
compression cycle and developed a computational model
to calculate COP, exergy loss, exergy efficiency, and effi-
ciency defects for R502, R404, and R507A. They reported
that R507a is a better substitute to R502a than R404a.

Based on the above results, the exergy analysis of
domestic refrigeration system using hydrocarbon mixture
(HCM) composed of 45 % of R290 and 55 % of R600a as
an alternative to R134a is carried out. During the test the
evaporator temperature (7.y,) was maintained at 263 K and
the ambient temperature (7;) was measured as 305 K.
Usually, the factors like COP, volumetric efficiency,
compressor power consumption, and the condenser and the
evaporator temperatures are considered for the analysis. In
this study, a different approach has been adopted for
comparing the performance of new refrigerant mixture
with R134a at the same environment conditions in the
system. A comparative exergy analysis based on experi-
mental tests was carried out to evaluate the thermodynamic
performance of R290/R600a refrigerant mixture as an
alternative to R134a in an unmodified R134a domestic
refrigerator. These results cannot be obtained in a tradi-
tional energy analysis which leads to an incomplete ther-
modynamic analysis. Hence, this study includes an exergy-
based analysis which suits well between the classical
thermodynamic approach based on the first law and the
exergy approach based on the second law for the evaluation
of a refrigeration system.

Experimental setup and procedure

The photographic view and the line diagram of a domestic
refrigerator test rig unit is shown in Fig. la, b. The
experimental setup has a 200 1, top-freezer mounted single-
door domestic refrigerator with single evaporator. It con-
sists of a hermetically sealed reciprocating compressor
with 280 W nominal input power at 220 V in 50 HZ, a
wire mesh air-cooled condenser, a capillary strainer (filter),
and five capillary tubes of different lengths with ball valves
and an evaporator. In order to optimize the capillary tube
length for hydrocarbon refrigerant mixture, five capillary
tubes of 0.78 mm diameter with different lengths (3, 3.5, 4,
4.5, and 5 m) were provided. To estimate the actual COP
and refrigeration capacity of the domestic refrigerator, the
evaporator similar to one used in refrigerator was kept in a
calorimeter filled with brine solution as a secondary
refrigerant. The calorimeter was insulated to reduce the
ambient heat infiltration. Four ball valves were fixed in the
circuit between the capillary tube outlet and compressor

suction to divert the refrigerant flow to either one of the
evaporator (in the refrigerator cabin or calorimeter).
Another five ball valves were fixed at the capillary tube
inlet for choosing different capillary tube lengths. The
refrigerator was instrumented with four compound pressure
gauges with an accuracy of £0.25 % at the inlet and outlet
of the compressor for measuring the suction and discharge
pressures and at the inlet and outlet of the capillary tubes.
Four calibrated RTD (Pt100) temperature sensors with an
accuracy of £0.25 K were provided in the compressor
outlet, condenser outlet, evaporator inlet, and inlet of the
compressor. The power consumption of the compressor
was measured by using an energy meter with 0.01 kWh of
accuracy.

Initially, the test rig was thoroughly checked by flushing
with nitrogen gas to eliminate impurities, moisture, and
other foreign materials inside the system, which may affect
the accuracy of the experimental results. The evacuation
was carried out with the help of a vacuum pump and
refrigerant was charged into the system with the help of
charging unit. The refrigerator was first charged with
R134a of 115 g and tested at the intended various condi-
tions. During experimentation with R134a, 3.5 m capillary
tube length which is normally used in the domestic
refrigerator was used. The tests were carried out by con-
necting the evaporator inside the calorimeter with the
system. During the test the ambient temperature and con-
denser temperature are measured as 305 and 313 K,
respectively, and the evaporator temperature is maintained
at 263 K. The actual refrigeration capacity and COP of the
refrigerator were calculated as per the procedure followed
by Sekhar and Lal [25]. The energy consumption of the
compressor was measured using energy meter. All the
experimental observations were made after attaining the
steady-state conditions. After completing the baseline ref-
erence test with R134a, the refrigerant was recovered from
the system. Before experimenting with R290/R600a mix-
ture, the length of the capillary tube was optimized for
maximum COP. During capillary tube optimization, the
refrigerator was charged with various masses like 40, 50,
60, 70, and 80 g of R290/R600a mixture and the maximum
COP was observed with 4.5 m capillary tube length and
60 g of R290/R600a mixture. Hence, 4.5 m capillary tube
was taken for the experimentation with R290/R600a mix-
ture. Then, the refrigerator was charged with 60 g of R290/
R600a mixture and these tests were repeated. Since the
mixture is zoetrope, the refrigerant is charged in liquid
state and the charge quantity was ensured with the help of
electronic balance having an accuracy of +0.01 g. In order
to reduce the experimental uncertainties, experiments were
repeated for three times and average values were consid-
ered. The variation in experimental values from the aver-
age value is within £5 %. Temperatures and pressures are
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Fig. 1 a Experimental setup of
domestic refrigerator. b Line
diagram of the system
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recorded at frequent intervals. The power consumption of
the refrigerator during tests was measured after attaining
the steady-state condition. The measured values were used
to study the performance characteristics of the refrigerator.

Exergy analysis

Exergy (or availability) is a thermodynamic property that
represents the maximum work that can be obtained from a

@ Springer

)
)

Q@ Qo

3m [Compressol
Evaporator

Capillary tube

fluid stream in a reversible process until it reaches the
thermodynamic equilibrium with the surroundings. Exergy
analysis can be used to evaluate the performance of ther-
modynamic system. Unlike energy, exergy is not con-
served, it can be destroyed. With the experimental data
obtained from the tests using both R134a and R290/R600a
mixture, the exergy analysis is carried out to find exergy
loss of the domestic refrigerator in order to obtain a
quantitative measurement of the system inefficiency. Under
the assumption that the change of kinetic and potential
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energy is negligible and the ambient temperature is 7Ty, the ~ The total exergy loss of the system
exergy is given by the equation: Trowt = Leomp + Leond + Texp + Jeva (19)
l// =h- T()S (1)
Also, the exergy efficiency is given by

At any state the exergy is Y = (h — ho) — To(s — s0) .

2 lﬁ — lﬂ Qeva (1 - Tgi)

@y =tV (20)

For the system shown in Fig. 1b, component wise the
exergy balance equation can be written as follows:

(a) For compressor:

Compressor work, W, = (hy — hy) (3)
The exergy at inlet ; = m(hy — Tosy) + W, 4)
The exergy at outlet v, = rii(hy — Tos2) (5)
The exergy loss (due to irreversibility) in the compressor
Tomp = m(h1 — Tos1) + We — i(hy — Tosz) (6)

(b) For condenser:

Heat removed at condenser, Qcona = m(hy — h3) (7)
Wy = rir(hy — Tos2) (8)
Y3 = r(hs — Tos3) 9)

The exergy loss in the condenser

The exergy at inlet

The exergy at outlet

. . T
Leond = mi(hy — Tos2) — m(hs — Tos3) — Qcond(l -7 0 )
cond

(10)
(c) For capillary tube (expansion device):
The exergy at inlet 5 = mm(h3 — Tps3) (11)
The exergy at outlet v, = ri(hy — Tos4) (12)
The exergy loss in the capillary tube
Lexp = m(h3 — Tos3) — m(hy — Toss) (13)

Since the enthalpy is constant during the expansion
process, h; = hy the above equation can be written as

Iexp = l’i’lT()(S4 — S3) (14)
(d) For evaporator:
Heat addition in evaporator, Qeyy = fit(hy — hy) (15)

The exergy at inlet

. T 16

lp4:’n(h4_TO&‘él)_"Qevzt(l_TO> ( )
eva

The exergy at outlet v, = ria(hy — Tosy) (17)

The exergy loss in the evaporator

Teva = m(h4 - T054) + Oeva (1 -

W, W.

The efficiency defect (6;) is evaluated for each device of
the system, considering the ratio of exergy used in each
component (¥;) to the exergy required to sustain the
process (exergy input through the compressor,W.).

(21)

The overall performance of a refrigeration system is
determined by evaluating its COP and is calculated as the
ratio between the refrigeration capacity (Qeyv,) and the
electrical power supplied to the compressor (W,)

QCV&
We

COP =

(22)

Results and discussion

Experimental values of temperature, pressure, and power
consumption obtained during the test were used to calcu-
late various parameters like COP, exergy efficiency, and
efficiency defects of various components and the results are
discussed in this section. Figure 2 shows the variation of
COP with varying evaporator temperature of R134a and
R290/R600a mixture. It can be observed that the COP
increases with increase in evaporator temperature for both
the refrigerants. This is due to decrease in work of

T T * T X T i T x T

3.6 T T T i "
sal —s— R134a_—o— R290/R600a |  _ ]

32k "
3.0 g

2.8

T
Y

Y

1

2.6

COoP

AN

24
2.2

sol o 2 -

1.8 =l

1.4 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

-10 -5 0 5 10 15 20 25
Evaporator temperature/°C

Fig. 2 Variation of COP with varying evaporator temperature
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compression when the temperature difference between the
evaporator and the ambient is reduced. The reduced tem-
perature difference results in reduced load on the com-
pressor. The results obtained showed that the COP of
R290/R600a mixture is higher than that of R134a.
Refrigerator working with R134a exhibited significantly
lower COP which requires higher electric power con-
sumption in order to provide the same refrigerating effect.
Apart from direct costs, this would create environmental
pollution, since more fuel must be burned and higher
amount of carbon dioxide would be released into the
atmosphere.

Figure 3 shows the variation of exergy efficiency with
evaporator temperature for R134a and R290/R600a mix-
ture. Exergy efficiency decreases with increase in evapo-
rator temperature. This is due to the increase of
irreversibility of the components when the evaporator
temperature increases. The exergy efficiency of R290/
R600a mixture is higher than that of R134a from 7.1 to
28 % which depends on the evaporator temperature. Ex-
ergy efficiency of 38.6 and 42.1 % were obtained at
evaporator temperature of 263 K for R134a and R290/
R600a mixture, respectively. R134a refrigerant exhibits
very less exergy efficiency for higher evaporator temper-
ature than R290/R600a mixture.

Figure 4 gives the comparison of efficiency defect in
compressor for R134a and R290/R600a refrigerant mixture
with varying evaporator temperature. As shown in the
Fig. 4, efficiency defect in compressor decreases with
decrease in evaporator temperature. This is because the
exergy used by the compressor is more when the evapo-
rator temperature is reduced because of higher temperature
difference. The result obtained showed that efficiency
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Fig. 4 Variation of efficiency defect in compressor with varying
evaporator temperature
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Fig. 3 Variation of Exergy efficiency with varying evaporator
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Fig. 5 Variation of efficiency defect in condenser with varying
evaporator temperature

defect in compressor with R290/R600a refrigerant mixture
varies from 0.96 to 4.04 % lower than R134a and depends
on the evaporator temperature. For lower temperature
R290/R600a refrigerant mixture gives considerable amount
of less efficiency defect in compressor. Figure 4 shows that
for higher evaporator temperature between 273 and 298 K,
the difference in efficiency defect of both the refrigerants
are very less which means that the exergy loss in the
compressor is more irrespective of refrigerant used.
Figure 5 shows the variation of efficiency defect in
condenser with evaporator temperature for R134a and
R290/R600a mixtures. As shown in the figure, efficiency
defect in condenser decreases with decrease in evaporator
temperature. This is because the exergy used by the con-
denser is more when the evaporator temperature is reduced
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due to higher temperature difference. The result obtained
showed that efficiency defect in condenser is 31.03 %
lower for R290/R600a mixture than R134a.

Figure 6 shows the variation of efficiency defect in
capillary tube with evaporator temperature for R134a and
R290/R600a mixtures. As shown in Fig. 6, efficiency
defect in capillary tube decreases with increase in evapo-
rator temperature, because the exergy used by the capillary
tube is more when the evaporator temperature is reduced
due to higher temperature difference. The result obtained

showed that efficiency defect in capillary tube is 30.4 %
lower for R290/R600a mixture than R134a.

Figure 7 shows the variation of efficiency defect in
evaporator with evaporator temperature for R134a and
R290/R600a mixtures. The figure showed that the efficiency
defect in evaporator decreases with decrease in evaporator
temperature, because of more compressor work input due to
less cooling coil temperature. The efficiency defects in
evaporator were 33.3 % lower for R290/R600a mixture than
R134a. As shown in Fig. 7, the overall efficiency defect in
evaporator is marginal in comparison with those of other
components in the system (Figs. 5, 6, 7). This refers that
transferring heat at lower temperature difference can further
reduce the efficiency defect in the evaporator.

Conclusions

An exergy analysis was conducted in a single-evaporator
domestic refrigerator between the evaporation and con-
densation temperatures ranging from —10 to 40 °C by
using R134a and R290/R600a mixture refrigerants. Based
on both experimental study and exergy analysis on the
performance of R134a retrofit with R290/R600a mixture in
domestic refrigerator, the following conclusions were
drawn:

e The COP of the domestic refrigerator using R290/
R600a mixture as a refrigerant has higher value than
R134a. It is obvious that the refrigerant with lower COP
will consume more energy, which will have great
adverse effect on the environment.

e The highest exergy efficiency was obtained using R290/
R600a refrigerant mixture in the system. The average
exergy efficiencies of the system using R290/R600a
refrigerant mixture was higher than that of the R134a.

e The overall efficiency defect in the system working
with R290/R600a refrigerant mixture is consistently
better (lower) than R134a.

e Among the four major components the highest effi-
ciency defects were obtained in the compressor,
condenser, and capillary tube.

e Generally, the experimental domestic refrigeration
system performed well using R290/R600a refrigerant
mixture than using R134a as working fluid.

Thus, it can be concluded that R290/R600a mixture could
be an ozone-friendly, exergy efficient, and safe viable
alternative to R134a for domestic refrigeration systems with
the main advantage that it can be replaced directly without
the need to replace or modify any system component.
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