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ABSTRACT

The methods for improving first law and second law efficiency have been considered in this paper. Detailed
energy and exergy analysis of multi-evaporators at different temperatures with multiple compressors and
multiple expansion valves in parallel and series with intercooler and flash chambers in the six type vapour
compression refrigeration systems for finding irreversibilities in the systems have been done in terms of
performance parameter for eco-friendly R134a, R290, R600, R600a, R1234yf, R1234ze, R404a and R152a and
conventional R12, R502refrigerants. The numerical computations have been carried out for six systems. It was
observed that first law and second law efficiency improved by 22%. It was also observed that performance of
above six systems using R600 and R152a nearly matching same values under the accuracy of 5% can be used in
the above system .But difficulties using R600, R290 and R600a have flammable problems therefore safety
measures are required using these refrigerants, therefore R134a refrigerant is recommended for practical and
commercial applications although it has slightly less thermal performance than R152a which is not widely used
refrigerant for domestic and industrial applications.

Keywords: Vapour Compression Refrigeration Systems First and Second Law Analysis; Irreversibility Analysis
in VCR.

1.0 Introduction These eight refrigerants are:1,2-Difluoroethane
(R152a), Propane (R290), Butane (R600),Isobutane

It is well known the fact that after 90*s CFC (R600a),2,3,3,3- Tetrafluoropropene (R1234yf), a

and HCFC refrigerants have been forbidden due to
chlorine content and their high ozone depleting
potential (ODP) and global warming potential
(GWP). Thus, HFC refrigerants are used nowadays,
presenting a much lower GWP value, but still high
with respect to non-fluorine refrigerants. Many
research papers have been published on this subject,
of replacing “old” refrigerants with “new” ones [1-6].
Lately, many papers focused on researches about
finding better and better refrigerants or mixtures,
considering different criteria, as for example:
Relative COP, COP, EDR, exergetic efficiency, and
exergy defect in compressor, condenser, expansion
valve subcooler and evaporators.

This paper presents a comparative analysis of
eight refrigerants working in a multi-evaporators
VCR system with subcooling and superheating.

azeotropic blend (R404a), (R410a) and (R502).
R404a is a near-azeotropic blend of R125 / R143a /
R134a with mass percentages of 44% / 52% /
4%.R410a is an azeotropic blend of Difluoromethane
R32 Pentafluorethane R125 with mass percentages of
50% / 50%.

Blends do not necessarily remain at constant
temperature during constant pressure evaporation or
condensation. This paper mainly deals with a
comparative analysis of the refrigerant impact on the
performances of six types multi-evaporators multiple
compression and multiple expansion valves in series
and parallel with introducing intercoolers in the vapor
compression refrigeration systems. The aim of this
paper is to present and propose an analysis model for
comparing the effects of multi-evaporators, Multiple
expansion valves in series and parallel combination

*Corresponding Author: Department of Mechanical Engineering, Delhi Technological University, India

(E-mail: professor_rsmishra@yahoo.co.in)



80

International Journal of Advance Research and Innovation, Volume 1, Issue 2, Apr-Jun 2017

and multiple compressors VCR System for improving
first law and second law efficiency with different eco-
friendly refrigerants as compared with R12 and R502.

2.0 Literature Review

Refrigeration is a technology which absorbs
heat at low temperature and provides temperature
below the surrounding by rejecting heat to the
surrounding at higher temperature. Simple vapour
compression system which consists of four major
components compressor, expansion valve, condenser
and evaporator in which total cooling load is carried
at one temperature by single evaporator but in many
applications like large hotels, food storage and food
processing plants, food items are stored in different
compartment and at different temperatures. Therefore
there is need of multi evaporator vapour compression
refrigeration system. The systems under vapour
compression technology consume huge amount of
electricity, this problem can be solved by improving
performance of system. Performance of systems
based on vapour compression refrigeration
technology can be improved by following:

o The performance of refrigerator is evaluated in
term of first law efficiency (COP) which is the
ratio of refrigeration effect to the net work input
given to the system.

e The COP of vapour compression refrigeration
system can be improved either by increasing
refrigeration effect or by reducing work input
given to the system.

o It is well known that throttling process in vapour
compression  refrigeration (VCR) is an
irreversible  expansion process. Expansion
process is one of the main factors responsible for
exergy loss in cycle performance because of
entering the portion of the refrigerant flashing to
vapour in evaporator which will not only reduce
the cooling capacity but also increase the size of
evaporator. This problem can be eliminated by
adopting multi-stage expansion with flash
chamber where the flash vapours is removed
after each stage of expansion as a consequence
there will be increase in cooling capacity and
reduce the size of the evaporator.

e Work input can also be reduced by replacing
multi-stage ~ compression  or  compound
compression with single stage compression.

e Refrigeration effect can also be increased by
passing the refrigerant through subcooler after
condenser to evaporator.

Vapour compression refrigeration system
based applications make use of refrigerants which are
responsible for greenhouse gases, global warming
and ozone layer depletion. Montreal protocol was
signed on the issue of substances that are responsible
for depleting Ozone layer and discovered how much
consumption and production of ozone depletion
substances took place during certain time period for
both developed and developing countries. Another
protocol named as Kyoto aimed to control emission
of green house gases in 1997[1]. The relationship
between ozone depletion potential and global
warming potential is the major concern in the field of
GRT (green refrigeration technology) so Kyoto
proposed new refrigerants having lower value of
ODP and GWHP. Internationally a program being
pursued to phase out refrigerants having high chlorine
content for the sake of global environmental
problems [2].Due to presence of high chlorine
content, high global warming potential and ozone
depletion potential after 90“s CFC and HCFC
refrigerants have been restricted. Thus, HFC
refrigerants are used nowadays, showing much lower
global warming potential value, but still high with
respect to non-fluorine refrigerants. Lots of research
work has been done for replacing “old” refrigerants
with “new” refrigerants [3-8]. Reddy et al. (2012)
carried out numerical analysis of vapour compression
refrigeration system using R134a, R143a, R152a,
R404A, R410A, R502 and R507A for finding the
effect of evaporator temperature, degree of sub
cooling at condenser outlet, superheating of
evaporator outlet, vapour liquid heat exchanger
effectiveness and degree of condenser temperature on
COP and exergetic efficiency. They concluded that
evaporator and condenser temperature have
significant effect on both COP and exergetic
efficiency and also found that R134a gives the better
performance while R407C has poor performance in
all respect. Selladurai and Saravanakumar (2013)
have designed domestic refrigerator which was used
R134a as eco-friendly refrigerant and also compared
the thermal performance of the system with using
another eco-friendly refrigerant as hydrogen mixture
(i.e. R290/R600a mixture) and found that
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R290/R600a hydrocarbon mixture gives better
performance in terms of higher COP and exergetic
efficiency than R134a. They also concluded that
highest irreversibility obtained in the compressor
compare to condenser, expansion valve and
evaporator in the domestic refrigeration system.
Nikolaidis and Probert (1998) analytically found the
considerable effect on plant irreversibility by change
in evaporator and condenser temperatures of two
stage vapour compression refrigeration plant using
R22 refrigerant. They concluded that there is need for
optimizing condenser and evaporator conditions.
Kumar et al. (1989) carried out energy and exergy
analysis of vapour compression refrigeration system
using of exergy-enthalpy diagram. They also used
detailed first law analysis for calculating the
coefficient of performance and second law analysis
for evaluating irreversibility in terms of various
losses occurred in different components of vapour
compression cycle using R11 and R12 as refrigerants.

Mastani Joybari et al. (2013) conducted
experiments on a domestic refrigerator originally
manufactured to use of 145g of R134a and also
concluded exergetic defect occurred in compressor
was highest as compare to other components and
through their analysis it has been found that instead
of 145g of R134a if 60g of R600a is used in the
considered system gave same performance which
ultimately result into economical advantages and
reduce the risk of flammability of hydrocarbon
refrigerants.

Anand and Tyagi (2012) carried out detailed
exergetic analysis of two ton capacity of window air
conditioning test rig with R22 as working fluid and
concluded that irreversibility in system components
will be highest when the system is 100% charged and
lowest when 25% charged and found irreversibility in
compressor is highest among other system
components.

Arora and Kaushik (2008) studied numerical
model of vapour compression refrigeration system
with liquid vapour heat exchanger and carried out
energy and exergy analysis on the VCR for the
specific temperature range of evaporator and
condenser. They concluded that R502 is the best
refrigerant compare to R404A and R507A,
compressor is the worst and liquid vapour heat
exchanger is best component of the system. Ahamed
et al. (2012) experimentally investigated thermal

performance using hydrocarbons (isobutene and
butane) refrigerant on domestic refrigerator by energy
and exergy analysis and found that energy efficiency
ratio of hydrocarbons is comparable with R134a.

They concluded that exergy efficiency and
sustainability index of hydrocarbons is much higher
than R134a at evaporator temperature and found that
compressors are showing highest system defect
(69%) among components of that system. Stanciu et
al. (2011) carried out numerical and graphical
investigation on one stage vapour compression
refrigeration system by using refrigerants (i.e R22,
R134a, R717, R507a, and R404a) in terms of COP,
compressor work, exergy efficiency and refrigeration
effect.

They also studied the effect of sub-cooling,
superheating and compression ratio on the same
system using considered refrigerants and presented
system optimization when working with specific
refrigerant. Ahamed et al. (2011) emphasized on use
of hydrocarbons and mixture of hydrocarbons and
R134a in vapour compression refrigeration system
and found that compressor showed much higher
exergy destruction as compared to other components
of vapour compression refrigeration system and
found that exergy destruction can be minimized by
using of nanofluid and nanolubricants in compressor.

Bolaji et al. (2011) conduced experimentally
comparative analysis of R32, R152a and R134a
refrigerants in vapour compression refrigerator
concluded that R32 is showing lowest thermal
performance and also found that R134a and R152a
showing nearly same thermal performance but best
performance was obtained of same system using
R152aas ecofriendly refrigerant. Yumrutas et al.
(2002) carried out detailed exergy analysis and found
the effect of condensing and evaporating temperature
on vapour compression refrigeration cycle in terms of
pressure losses, COP, second law efficiency and
exergy losses.

They conclude that the variation in condenser
temperature have negligible effect on exergy losses of
compressor and expansion valve, and also found that
first law efficiency and exergy efficiency increases
and total exergy losses of system is decreasing with
increasing evaporator and condenser temperatures.
Padilla et al. (2010) carried out exergy analysis of
domestic vapour compression refrigeration system
using R12 and ecofriendly
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R413a refrigerant and found that better thermal
performance of the system using R413a in terms of
power consumption, irreversibility and exergy
efficiency is better than R12, and recommended R12
can be replaced by R413a in domestic vapour
compression refrigeration system. Getu and Bansal
(2008) optimized design and operating parameters of
cascade refrigeration system in terms of condensing
temperature, sub cooling temperature, evaporating
temperature ,Superheating temperature and
temperature difference using cascade heat exchanger
R744-R717.

They obtained optimum thermodynamic
parameters of same system using regression analysis.
Spatz and Motta (2004) carried out experimental
investigation by using R410a for replacing R12 for

medium temperature vapour compression
refrigeration  systems in terms of thermal
performance.

Detailed thermodynamic analysis is also

carried out and comparison was made for heat
transfer and pressure drop characteristics and it was
found that R410a gives best thermal performance
among R12, R404a and R290a. Mohanraj et al.
(2009) through experimental investigation concluded
the effect of different environmental temperatures on
first law efficiency (COP) of domestic refrigeration
system using mixture of R290 and R600a in the ratio
of 45.2: 54.8 by weight and found 3.6% greater
performance than R134a in the same system. They
also found the discharge temperature of compressor
with mixture of R290 and R600a is lower in the range
of 8.5-13.4K than same compressor with R134a. Han
et al. (2007) conducted experimental results under
different working conditions revealed that there could
be replacement of R407C in vapour compression
refrigeration system having rotor compressor with
mixture of R32/R125/R161 showing higher COP, less
pressure ratio and slightly high discharge compressor
temperature without any modification in the same
system than R-12 which produced global warming
and ozone depletion.

Halimic et al. (2003) have compared thermal
performance of vapour compression refrigeration
system using ecofriendly refrigerants such as R401A,
R290 and R134A with R12 and found that due to
similar performance of R134a in comparison with
R12, the eco friendly refrigerant R134A can be
replaced R12 in the same system without any

medication in the system components and also has
zero ozone depletion. They also concluded that in
reference to green house impact, R290 presented best
results than R134a. Xuan and Chen (2004) conducted
experimental study on vapour compression
refrigeration system for replacement of R502 by
mixture of HFC-161 and found that mixture of HFC-
161 gives same and higher performance than R404A
at lower and higher evaporative temperature
respectively Cabello et al. (2007) had studied about
the effect of operating parameters on COP, work
input and cooling capacity of single-stage vapour
compression refrigeration system. There is great
influence on energetic parameters due change in
suction pressure, condensing and evaporating
temperatures.

Cabello et al. (2004) experimentally
investigated the effect of condensing pressure,
evaporating pressure and degree of superheating on
single stage vapour compression refrigeration system
using R22, R134a and R407C.It was observed that
mass flow rate is greatly affected by change in
suction conditions of compressor in results on
refrigeration capacity because refrigeration capacity
depended on mass flow rate through evaporator. It
was also found that for higher compression ratio R22
gives lower COP than R407C.

Based on the literature it was observed that
researchers have gone through detailed first law
analysis in terms of coefficient of performance and
second law analysis in term of exergetic efficiency of
simple vapour compression refrigeration system with
single evaporator. Researchers did not go through the
irreversibility analysis or second law analysis of:
simple VCR with flash intercooler, flash chamber,
water intercooler, liquid sub cooler and stages in
compression (double stage and triple stage) and
ultiple evaporators systems with  multi-stage
expansion and compound compression in vapour
compression refrigeration systems.

To improve thermal performance of vapour
compression refrigeration systems (both single and
multiple evaporator system) by improving:

1. First Law Efficiency
2. Second Law Efficiency
3. Reduction of System

Defect in components of system which results
into reduction of work input and detailed analysis of
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vapour compression
ecofriendly refrigerants.

refrigeration systems using

Energy and Exergy analysis of
compression Refrigeration systems

The multiple evaporators at the same
temperature with single compressor and expansion
valve vapour compression refrigerator with subcooler
is shown in Fig. 1.According to first law of
thermodynamics, the measure of performance of the
refrigeration cycle is the coefficient of performance
(COP), which is defined as the net refrigeration effect
produced per unit of work input. It is expressed as

cop=—2_ (1)
Weomyp

The concept of exergy was given by second
law of thermodynamics, which always decreases due
to thermodynamic irreversibility. Exergy is defined as
the measure of usefulness, quality or potential of a
stream to cause change and an effective measure of
the potential of a substance to impact the environment
[7]. Exergy balance for a control volume undergoing
steady state process is expressed as [8].

IRy = ) (me)in = ) (me,Joe
3 (l:-%) -S(e6-5).|

+tEW (2)

Where IRk indicates the rate of irreversibility
occurring in the compressor, expansion valve,
evaporators, condenser and sub-cooler

The first two terms on the right hand side
represent exergy of streams entering and leaving the
control volume. The third and fourth terms are the
exergy associated with heat transfer Q from the
source maintained at constant temperature T and is
equal to work obtained by Carnot engine operating
between T and To, and is therefore equal to
maximum reversible work that can be obtained from
heat energy Q.

The last term is the mechanical work transfer
to or from the control volume.

Vapour

_|_

Irreversibility (IR) in the system components

Irreversibility in each component of the cycle
is calculated as per Egs. (3)- (9), specified below:
Evaporator-1

Ty
IRy =Ey+Qy (1 - T_) —Ey
r

Ty
=My (hy —Tysy) + Qs (1 - F)
r
=,y (hy — Tosy) (3)
Evaporator-2

TU
IRBZ = Exll- + QGZ (1 - T_) - Exl

¥

Iy
= M,y (hy — Tysa) + Qo2 (1 _T_) —myp(hy — Tysy)
b

(O]
Evaporator-3
Ty
R = B+ Qua(1-7) ~Ea
o
= Myq(hy = Tp5,) + Qg (1 _?) —m,g(hy —Tos;)
(3)

Fig 1: Schematic Diagram of a Multi-Evaporators
Vapour Compression Refrigeration System.
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The total irreversibility in the system is the
sum of irreversibility in each components of the
system and is given by

ka =IR, + IR, +IR,; + R, +IR, +IR,, +IR,
(10)

Thermal exergy loss rate in a component is
given by

EL, = Q4 (1—;‘—;) (11)

Where Qk is the heat rejected by the kth
component and Tk is the temperature at the boundary
of the kth component. When considering thermal
exergy loss rate, Eq. (2) can be rewritten as
IR, + EL, = B(me,)y, — Blmey ) +

G1-707ie=ly (12)

Thermal exergy loss rate is related to external
irreversibility which takes place because of
temperature difference between the control volume
and the immediate surroundings. It depends upon
how the boundary of the system is selected. If the
system includes the immediate surroundings then the
boundary of the thermal system is at the same
temperature as the temperature of immediate
surroundings and hence the value of thermal exergy
loss turns out to be zero. However, temperature
differential between system boundary and immediate
surroundings exists if the system boundary does not
include the immediate surroundings. In a vapour
compression refrigeration system, condenser is the
component where heat is rejected. However in the
present case, thermal exergy loss in condenser is
neglected as the boundary of the condenser is
assumed to be at the environment temperature.
Second law performance of the system can be
measured in terms of exergetic efficiency [9].
Exergetic efficiency is the ratio between exergy rate
of product and fuel. If we consider a system at steady
state where, in terms of exergy, the rates at which the
fuel is supplied and the product is generated are EF
and EP, respectively, and IRk and Z ELk represent
rate of total irreversibility and total thermal exergy
loss in a system, respectively, then exergy rate
balance for the system is given by (13) and exergetic
efficiency by (14).

EF =EP + ) IR, + ). EL, (13)
and
~ Exergy in product

Mex = Exergy of fuel

For the wvapour compression refrigeration
system, product is the exergy of the heat abstracted in
to the evaporators i.e. Qe = Qel + Qe2+ Qe3 from the
space to be cooled at temperature Tr, i.e.

EP = Q, |(1 —:—f)| (15)

and exergy of fuel is actual compressor work
input,Wc.Hence, exergetic efficiency is given by

0|(172)|
= -~ (16)
Exergy destruction ratio (EDR) is the ratio
of total exergy destruction in the system to exergy in
the product [10] and it is given by Eq.(17). EDR is
related to the exergetic efficiency by Eq. (18)

ex

EDR = el = — — 1 17)
_ 1
Mex = T3eor 18

Efficiency defect is defined as the ratio
between the exergy flow destroyed in each
component and the exergy flow required to sustain
the process [11] (i.e. the electrical power supplied to
the compressor in the present case) and is given by

IR, + Y EL,
- W,omp (19)
where k stands for particular component. The
efficiency defects of the components are linked to the
exergetic efficiency of the whole system by means of
the following relation:

()

2.0 Models Description of Multiple Evaporators
and Compressors with Individual Expansion
Valves (System-1) and Multiple Evaporators and
Compressors with Multiple Expansion Valves
(System-2) Vapour Compression Refrigeration
Systems.

S

20

The multiple evaporators and compressors
with individual expansion valves vapour compression
refrigeration  system  (system-1)  consists  of
compressors (C1, C2, C3) throttle valves (TV1, TV2,
TV3), condenser and evaporators(EP1, EP2, EP3) as
shown in Fig.1(a).The pressure versus enthalpy chart
for this system is shown in Fig.1(b). In this system all
refrigerant coming out at point ,,77“ from subcooler
distributed by mass m 1 , m 2 ,m 3 to expansion
valves TV1, TV2, and TV3 respectively. Both liquid
and vapour formed by TV1 ,TV2 ,TV3 represented
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by point ,,10%, ,,.9° and ,,8* take care the load of EP1
,EP2 and EP3 respectively. The low pressure vapours
formed by EP1 ,EP2 and EP3 supplied to the
compressor C1 ,C2 and C3 represented by point ,,1°,
3 and ,,5° respectively. The high pressure vapours
formed by compressor C1 ,C2 and C3 respectively
represented by points ,2%, ,,4° and ,,6° .then high
pressure vapours coming out from compressor C1 ,
C1 ,C1 collectively enter through condenser by point
7. The main components of multiple evaporators
and compressors with individual expansion valves
vapour compression refrigeration system (system-2)
are compressors (C1, C2, C3) throttle valves (TV1,
TV2, TV3 ), condenser and evaporators(EP1, EP2,
EP3) as shown in Fig. 2(a)

Fig 2 a: Schematic Diagram of Multiple
Evaporators at Different Temperatures with
Individual Compressors and i Ndividual
Expansion Valve.

©] &f ©]

EP;

Candenser

Fig 2 b: Pressure Enthalpy Diagram of Multiple
Evaporators at Different Temperatures with
Individual Compressors and Individual Expansion
Valves
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The corresponding pressure versus enthalpy
chart for this system is shown in Fig. 2(b).In this
system all the refrigerant from condenser at point ,,g"
followed by subcooler exit at point ,gg“ flows
through the throttle valve TV3 where its pressure is
reduced from condenser pressure of the third
evaporator.

All the vapours formed after leaving the
expansion valve TV3 at point ,,h* plus enough liquid
to take care of the load of evaporator EP3.The
remaining refrigerant then enter at point ,,i through
the expansion valve TV2 where its pressure is
reduced from pressure of the third evaporator to
pressure of the second evaporator.

Fig 3 a: Schematic Diagram of Multiple
Evaporators at Different Temperatures with
Individual Compressors and Multiple Expansion
Valves

"
(<) L.

EP;

I
OF ¢

EP;

Condenser

Fig 3 b: Pressure Enthalpy Diagram of Multiple
Evaporators at Different Temperatures with
Individual Compressors and Multiple Expansion
Valves
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3.0 First Law Analysis (COP & Work Input

Analysis) of  Multiple Evaporators and
Compressors  with  Individual or Multiple
Expansion Valves  Vapour  Compression

Refrigeration Systems

Again all the vapour formed after leaving the
expansion valve TV2 at point ,,j“plus enough liquid
to take care of the load of evaporator EP2 passes
through this evaporator .The remaining liquid now
enter at point ,,k* through the expansion valve TV1
and exit at point ,1“which supplied it to the first
evaporator EP1.The vapours formed by EP1,EP2
,EP3 supplied to compressors C1, C2 and C3 shown
by point ,,a“,“c* and ,,e respectively. High pressure
vapours formed by compressors C1, C2 and C3 as
shown by points ,,b“,“d" and ,f° respectively
supplied to the condenser.

The multiple evaporators and compressors
with individual or multiple expansion valves vapour
compression refrigeration system as shown in Fig.1
and Fig.2 respectively. From the energy analysis
point of view first law of thermodynamics, evaluate
the performance of the vapour compression systems
as given below System-1

Qe 1
COP1 = —— 1b
Wcamp 1 ( )
Similarly for system-2
_ Qe_Z
COP2 = —wwmp E (1c)

3.1 Second law analysis of multiple evaporators
and compressors with individual or multiple
expansion valves vapour compression
refrigeration system

Second law of thermodynamics gives the
concept of exergy, which always decreases due to
thermodynamic irreversibility. Exergy is defined as
the measure of usefulness, quality or potential of a
stream to cause change and an effective measure of
the potential of a substance to impact the environment
[7]. Exergy balance for a control volume undergoing
steady state process is expressed as [8].

E.Dk = Z(mex)m - E(mex)out + IE (Q (1 -
T0Tin-Q1-TOTOut=W (20)

Where ED k represents the rate of
irreversibility occurring in compressors, throttle
valves, evaporators, condenser and subcooler. The
first two terms on the right hand side represent exergy
of streams entering and leaving the control volume.
The third and fourth terms are the exergy associated
with heat transfer Q from the source maintained at
constant temperature T and is equal to work obtained
by Carnot engine operating between T and To, and is
therefore equal to maximum reversible work that can
be obtained from heat energy Q . The last term is the
mechanical work transfer to or from the control
volume. Exergy destruction (ED) in system-1can be
find out in terms of irreversibilities. Exergy
destruction in each component of the multiple
evaporators and compressors with individual
expansion valves vapour compression refrigeration
system is evaluated as per Egs. (3b)- (14b) given
below:

Evaporators

(EP1) System-1

. . . T
EDgq4 = Exq0 + Qe1 (1 T
) ) \ lrlf
, : Iy . .
= iy (g = Tosg) 1 0 (1 - a) =Ty (1 = To$) (3)
(EP2) System-1
EDEZ = Exg + Q-ez (1 -

. Com) .
= g (U = Tyso) + (g (1 - i) =i (3= Tysy) ()
(EP3) System-1

. . . T,
EDes = s + Ous (1 -
. h ; o\ .
=i (g = Tysg) + Oy (1 - a) =i (15~ Tysg) (%)

Compressors

(Cl) System-1 ) ) )

EDcumpl =kt Wcampl -k = mcl(Tﬂ(SZ B 51)] (6b)
(C‘) System-1 ) ) )

EDmmpZ =Est Wcampl =By = ch(T0(54 - 53)] ()
(C3) sysem

Ebcumpa = ExE + Wcampa - ‘16 = mcS(Tﬂ(sﬁ - 55)) (8b)
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(Condenser) System-1

EDc = (Exz -yt (Ex4 - Ex?) t (Exﬁ - Eﬂ] (%)

Subcooler
(SC) System-1

EDsc - Eﬂ B E:T? - (mcl +ch t mcﬂ]{[\”? - TI]SF) - (wﬂ - TI]SFTD (mb)
Throttle valves

(TVI) Systery—l .
EDy, =By =By = iy (7 (510~ 577)) (11b)
(TV2) Spemd
EDyy, = By = Byg = g (Ty(55 - 577)) (120)
(Tv's)Syslem-l
EDTV3 = by = By =g ([, (%= 57)) (130)
(Mass balance)System-1

Mg = Mgy

Mgz = Mgy

The total irreversibility in the system is the

sum of irreversibility in each components of the
system and is given by

ZE'D;[:EDgl+ED92+ED33+EDCMP1+EDWZ+EDE,W3+E'DE+EDSE+EDW1
by, 1y, (1

For system 2, exergy destruction in each
component of the multiple evaporators and
compressors with multiple expansion valves vapour
compression refrigeration system is evaluated as per
Egs. (15)- (26) given below: Evaporators

(EPl)System-Z
Ty
EDyy = Ey + Qs (1 - T_) - Ey
. ; T .
= st = o)+ Qo (1=32) = (0 = o) (15
(EPz)System-Z
. . . 0 .
EDy, = Exj + 0 (1 - _) -k
. ; T .
=t ~Tos) + G (1 -32) e = o) (16
(EP3)System-2
, i . 0 ,
EDeS = Exh + Qe3 (1 - _) - Exe

=gt ~Tose) + s (1= 32) = ~Tos) (1)

Compressors

(C'I)System-Z . . .
EDcompl =E, t Wcompl =By =iy (Ty (sp - Sa)) (18)
(C'Z)System-Z . . .
EDcompZ =E t Wcompz —Eyg =the(To(si—s))  (19)
(C'3)System-2 . . ‘
EDcompS =Eet WcompS - Exf = mcS(TO(Sf - Se)) (20)
Condenser)s;geq.s
EDcand = (E:b - Erg) + {Exd - Erg] + (Exf - Exg)
=iy (T 0~ Tosy) ik (0= )~ (= Tos)
Hig ([wf ~Tos)- (§ - T[,sy]) )
(SC)Smm—l
EDsc = Exg _Exgg = (1 +1igg 1) ((ipg - T[lsg) - (wgg - Tﬂsgg]) )
Throttle valves
(-!-V'I)S_\me.m-l )
EDpy, =By - By =my(To(s-5))  (9)
(Tv'z)s_\nem}
ElDﬂ’z = Eii - Ezj = (mcl + mcz)(Tﬂ(sj - si)) (24)
(Tv'a)S_\nem-l
EDTL@ = Ergy - Exh = (i +109 + ch)[Tﬂ(sh - syg)] ()

(Mass balance)ssgen.

s =( Qez )
2 t}bc_l,bj

; ; . . ; Pr
ey = Mgz = Mg + (Mey + 1M,3) (1 — ‘Ph)

Th =( QeS )
87 \Ye —

The total irreversibility in the system is the
sum of irreversibility in each components of the
system and is given by

ZEDk = EDy + EDy + Dy # ED gy EDymyy # EDpg + ED, 6D,
Dy, + 0y, +EDy, )

For the multi evaporators vapour compression
refrigeration system, product is the exergy of the heat
abstracted in to the evaporators i.e.Qe =Qel
+Qe2+Qe3 from the space to be cooled at
temperature Tr, and exergy of fuel is actual
compressor work input




12 (%)

Tr}

E‘D = Oel (1_;_01] +Qe? (1 _;;_I;) +Qe3

Hence, exergetic efficiency is given by

P

(Wcmp 1+Wmmp 2+thmp 3]

e

ex

Result and Discussion

A computational model is developed for
carrying out the energy and exergy analysis of the
system using EES software [12].The result evaluated
on the basis of following assumed data shown Figs.2
are furnished below:

Degree of sub cooling of liquid refrigerant in
subcooler (ATsc ): 5K., Isentropic efficiency of
compressor (): 75%. , Difference between evaporator
and space temperature (Tr-Te):5K., Temperature of
evaporators EP1, EP2 and EP3 are 263K ,273K and
283K respectively, Condenser temperature (Tc):
313K, Dead state temperature (TO ): 298K, Dead state
enthalpy (y0) and entropy (s0) of the refrigerants
have been calculated corresponding to the dead state
temperature (T0) of 298K., Loads on the evaporators
EP1, EP2 and EP3 are 35KW, 70KW and 105KW
respectively., Evaporators” temperature is 273K.,
Condenser temperature (Tc): 313K (the condenser
temperature is based on climatic conditions persisting
in summer in tropical countries).., Reference enthalpy
(h0) and entropy (s0) of the working fluids have been
computed corresponding to the dead state temperature
(TO) of 298K.. Loads on the evaporators EP1, EP2
and EP3 are 35KW, 70KW and 105KW respectively.

Table-1: presents the variation of coefficient
of performance for all six systems for different
ecofriendly refrigerants and Bar charts are shown in
Tablel. It was observed that COP of R12 in all six

Both Qe and Wc have positive effect on
increase of exergetic efficiency whereas the
decreasing value of term |1-To / Tr | has a negative
effect on increase of exergetic efficiency. The
combined effect of these factors is to increase the
exergetic efficiency till the optimum evaporators™
temperature is achieved, 1i.e. the evaporators®
temperature at which maximum exergetic efficiency
is achieved. Beyond optimum evaporators”
temperature, the overall effect of these factors is to
reduce the exergetic efficiency. Both R600 and
R152a have higher exergetic efficiency than R502,
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cases are higher but due to consideration of global
warming and ozone depletion one can consider
ecofriendly refrigerants for reducing global warming
and ozone depletion. The cop of 600 is although is
better than R152a but the refrigerants R290, R600
and R600a are flammable properties. Therefore by
consideration of safety measures R152a gives better
first law performance than R404a ,R134a and R410a.
With increase in evaporators™ temperature, the
pressure ratio across the compressor reduces causing
compressor work to reduce and cooling capacity
increases because of increase in specific refrigerating
effect. The combined effect of these two factors is to
increase the overall COP. It was observed that COP
of system using R600 and R152a nearly matching
same values Both R-600 and R-152a show better
COP than R-502, R-290, R-404a, R-410a, R-600a
and R-1234yf at 313K condenser temperature.
Although R600,R600a and R290 have flammable
properties cannot use directly due to safety measures,
the system will be modified by taking into the
considerations safety measures and precautions must
be taken when using these refrigerants and also they
are responsible for global warming. The maximum
difference observed between COPs of R-152a and R-
404a is 22.57% at 313K condenser temperature.
Table-2 show the effect of ecofriendly refrigerants on
exergetic efficiency at 313K condenser temperature.
The increase and decrease of the exergetic efficiency,
with increase in evaporators temperature, are based
on two parameters. First parameter is exergy of
cooling effect, i.e., Qe |1-To / Tr |with rise in
evaporators temperature Qe, increases however the
term Qe |1-To / Tr | reduces since Tr approaches TO,
and second being the compressor work which
decreases with increase in evaporators temperature.

R290, R404a, R410a, R600a and R1234yf. Exergetic
efficiency of R152a is 15-22% higher than R404A
and R600 is 12— 20% higher than R404aA at 313K
condenser temperature. This also confirms that with
increase in condenser temperature the difference
among the exergetic efficiency of R152a, R600 and
its alternate refrigerants increases. It is observed from
Table.2 - Table.3, that variation of EDR and exergetic
efficiency are almost reverse because that exergetic
efficiency is inversely proportional to EDR. The EDR
initially decreases and then increases with the
increase in evaporators® temperature. The exergetic
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efficiency is inversely proportional to EDR.
For a fixed condenser temperature, the increase in
dead state temperature causes the irreversibility (due
to finite temperature difference) to decrease and
hence EDR decreases and exergetic efficiency
increases. Table3: presents that R-404a shows
maximum EDR among all the refrigerants
corresponding to the range of dead state temperatures
considered. Both R-152a and R-600 show the
identical trends .The exergetic efficiency for R-600 is
0.4-0.5% higher than that of R-152a. It was observed
that the effect of degree of subcooling on COP,
exergetic efficiency and EDR. It is evident that
subcooling increases refrigeration capacity whereas
there is no change in compressor work, hence COP
increases. It apparent that increase in COP decreases
EDR and increases exergetic efficiency. The increase
in COP is nearly 5.6%/K of sub cooling in case of R-
404a.However, the corresponding increase in COP in
R-152a and R-600 is less. The rate of increase of
exergetic efficiency is approximately 0.4%/K for
R404a.The total increase in exergetic efficiency for
10K of subcooling is 3.97% for R404a and 2.5% for
R152a and R-600 at 313K condenser temperature.
Hence it is easy to understand why EDR increases
and exergetic efficiency decreases. It is observed that
COP and exergetic efficiency are almost same for
considered eco-friendly refrigerants as compared with
R-12 refrigerant, both COP and EDR will decrease
with increase in condenser temperature. EDR
increase with increase in condenser temperature
rational efficiency with increase in condenser
temperature at 273K temperature of all evaporators
with 5K degree of subcooling.

Table: 1. Variation of First Law Efficiency (COP)
of Multiple Evaporators Vapour Compression
Refrigeration Systems Using Eco-Friendly

Refrigerants
Refrigerants COP(Coefficient of Performance)

Previously used Systeml | System2 | System3 | Systemd | SystemS | System6
R12 3.117 3.397 4,078 5.243 6.745 5.205
R502 2.819 3.189 3.838 5.033 6.39 4.994

Suggested new

ecofriendly refrigerants | Systeml | System?2 | System3 | System4 | System5 | System6
R152a 3173 3425 4122 5.276 6.822 5.246
R290 2.983 3.308 397 5.145 6.582 5.105
R404a 2.649 3.0m 3.685 4.893 6.145 | 4835
R410a 2.856 3192 3842 4.983 6.386 | 4.958
Re00 3.186 3473 4.145 5.334 6.862 5.294

R600z 3061 | 3392 | 4055 | 527 | 6743 | 537
R1234yf 2887 | 3284 | 3933 | 518 | 6569 | 514l
R1234ze 302 | 3373 | 4036 | 5267 | 6763 | 514

R1343 3034 | 33 | 4031 | 527 | 6689 | 5188

Table: 2. Variation of Second Law Efficiency of
Multiple Evaporators Vapour Compression
Refrigeration Systems Using Eco-Friendly

Refrigerants
Refrigerants Second Law efficiency |Exergetic Efficiency)
Previously used Systeml | System2 | System3 | Systemd | System5 | System6
R12 0.187 | 02913 | 0.34% | 03146 | 04047 | 03133
R502 0.1691 | 02734 | 0329 0302 | 03834 | 0.29%
Suggested new
ecofriendly refrigerants | Systeml | System2 | System3 | Systemd | SystemS | System6
R152a 0.1904 | 0.2937 | 03534 | 03166 | 04093 | 03147
R290 0179 | 0.2836 | 0.3404 | 03087 | 03949 | 0.3063
R404a 0.1589 | 0.2634 | 03159 | 0293 | 03687 | 0.2901
R410a 0.1714 | 02737 | 03294 | 02989 | 03831 | 0.2975
R600 01911 | 02978 | 03554 | 03201 | 04117 | 03177
R600a 0.1837 | 0.2908 | 0.3477 | 03166 | 04046 | 03142
R1234yf 01732 | 02816 | 03372 | 03108 | 03942 | 0.3085
R1234ze 0.1812 | 0.2892 | 0346 0316 | 0398 | 03085
R134a 0182 | 02876 | 0.345% | 03136 | 04013 | 03113

Table: 3. Variation of Exergy Destruction Ratio
(EDR) of Multiple Evaporators Vapour
Compression Refrigeration Systems Using Eco-
Friendly Refrigerants

Refrigerant EDR

Previously used System1 | System2 | System3 | Systemd4 | System5 | System6
R12 4.253 202 186 2255 147 22
R502 5262 | 2192 | 2039 2412 1.608 2335

Suggested new

ecoecofriendlyrefrigerants | Systeml | System2 | System3 | Systemd | System5 | Systemé

R152a 4045 | 2003 | 1829 | 2228 142 | 2173
R290 4695 | 2092 | 1938 | 23% 1532 | 2263
Rd04a 5829 | 228 | 2165 2.504 17 244
R410a 5027 | 2207 | 2035 | 2431 1607 | 2349
R600 4051 | 1953 | 1814 22 1428 | 2147
R600a 4426 | 2011 | 1876 | 247 14712 | 218
R1234yf 4952 | 2088 | 1965 2313 1537 2242
R1234ze 4586 | 204 | 189 2.256 2902 | 2565
R134a 4504 | 2049 | 1894 | 2274 1491 | 2211

4.0 Conclusions

In this paper, first law and second law analysis
of six multi-evaporators multiple compressor and
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multiple expansion valves in series and parallel
combinations of vapour compression refrigeration
systems using ecofriendly refrigerants (R410a, R290,
R600, R600a, R1234yf, R502, R404a and R152a)
have been presented. The conclusions of the present
analysis are summarized below:

1.

COP and exergetic efficiency for R152a and
R600 are matching the same values. are better
than that for R404A at 313K condenser
temperature and showing 12-23% higher value
of COP and exergetic efficiency in comparison to
R404a.

For  practical applications R-134a is
recommended because it is easily available in the
market has second law efficiency slightly lesser
than R-152a which was not applicable for
commercial applications.

The worst component from the viewpoint of
irreversibility is expansion valve followed by
condenser, compressor and  evaporators,
respectively. The most efficient component
found to be subcooler. The R-152a has least
efficiency defects for 313K  condenser
temperature.

The increase in dead state temperature has a
positive effect on exergetic efficiency and EDR,
i.e. EDR decreases and exergetic efficiency
increases with increase in dead state temperature.
Both R-152a and R-600 show the identical trends
for exergetic efficiency are nearly overlapping.
The exergetic efficiency for R-600 is 0.4-0.5%
higher than that of R-152a for the practical range
of dead state temperature considered.
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Nomenclature

COP

VCR
CFC
HCFC

coefficient of
dimensional)
vapour compression refrigeration
chlorofluorocarbon
hydrochlorofluorocarbon

rate of heat transfer (kW)

work rate (kW)

temperature (K)

efficiency defect (non-dimensional)
degree of subcooling

performance (non-
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EP exergy rate of product (kW) m mass flow rate (kg/s)
EV Expansion Valve s specific entropy (kJ/kgK)
EP Evaporator EF exergy rate of fuel (kW)

EL exergy loss rate (kW)
Subscript n efficiency (non-dimensional)
e evaporator r refrigerant, space to be cooled
comp  compressor ex exergetic
h specific enthalpy (kJ/kg) ev expansion valve
P pressure (kPa) C condenser
IR irreversibility (kW) sc subcooler

Ex exergy rate of fluid (kW) k kth component



