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ENERGY AND EXERGY INVESTIGATIONS OF R1234yf AND R1234ze AS
R134a REPLACEMENTS IN MECHANICALLY SUBCOOLED VAPOUR
COMPRESSION REFRIGERATION CYCLE

Shyam Agarwal®*, Akhilesh Aroral, B.B. Arora!

ABSTRACT

The aim of present work is the evaluation of mechanically subcooled simple vapour compression
refrigeration system on the basis of energy and exergy analysis, and compatibility of alternative low GWP and
zero ODP HFOs R1234yf and R1234ze to replace HFC 134a. A computer program has been developed in
Engineering Equation solver software to compute the system performance parameters such as COP, exergetic
efficiency, total exergy destruction and exergy destruction ratio. The effect of degree of subcooling (5 to 30°C),
evaporator temperature (-30°C to 15°C), effectiveness of liquid vapour heat exchanger (0.2 to 1.0) and compressor
efficiency (0.4 to 1.0) has been investigted on the performance parameters viz. exergy desturction, exergy
destruction ratio (EDR) and exergetic efficiency of the system components. The results of current analysis
highlight that the R1234ze is the best alternate refrigerant considered in the analysis and can replace R134a as
the COP and exergetic efficiency of R1234ze are 1.87% and 1.88% more than that of R134a for 30°C of
subcoooling. However, R1234yf offers lower performance than R134a. The components condenser and
evaporator are the sites of highest and lowest exergy destruction respectively for the refrigerants considered.
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INTRODUCTION

Energy consumption in refrigeration systems, environmental issues and cost effectiveness are essential
considerations in the recent scenario in order to meet the current demand of energy, sustain energy resources,
protection of the environment and in access to the large number of consumers. A number of refrigeration and air-
conditioning applications include automotive & super markets air-conditioning, walk-in coolers, residential
refrigerators and chillers are using low GWP refrigerant R1234yf (Honeywell [20]) and some other include air-
dryers, beverage dispenser, vending machines, refrigerators and chillers for supermarkets & commercial buildings
are using R1234ze (Honeywell [21]). Moreover, the European Union has approved a regulation (Regulation (EU)
No 517/2014 [38]) which prohibits the use of fluorinated gases with a GWP more than 150 in domestic
refrigerators and freezers w.e.f.1% Jan, 2015, and in new types of mobile air-conditioning systems from January
1, 2017. Therefore the low GWP and zero ODP [Tablel] alternative refrigerants R1234yf and R1234ze may be
investigated as replacements of R134a however, the thermodynamic and exergetic performance should match
with the existing refrigerants. Additionally, a refrigeration system with simple modifications reduces the energy
consumption and running cost.

The studies to determine the performance improvement, energy efficient and cost effective vapour
compression refrigeration systems have been carried out by some researchers associated to subcooling techniques
i.e. wire-on-tube condenser, heat exchanger as a subcooler, expansion power recovery through an expander,
integrated vapour compression refrigeration cycle, multistate compression, ejector and internal heat exchanger
etc. (Azzouzi et al. [8], Yang and Yeh [52], She et al. [42, 43], Koeln and Alleyne [25], Maurizio et al. [30], Khan
and Zubair [23], Staicovici [45], Xing et al.[51], Yu et al. [54]). The performance improvement of VCR cycle
through LVHE is also a suggested technique of subcooling. Arora and Kaushik [3-6] carried out various energy,
exergy and parametric analysis of an actual vapour compression refrigeration and vapour absorption cycle. They
reported that the efficiency defect was highest in the condenser and lowest in the liquid vapour heat exchanger.
COP and exergetic efficiency were higher for R-22 than R-407C and R-410A.

The exergy is a universal measure of work potential or quality of different forms of energy in relation to
a given environment. The loss of exergy or irreversibility provides a generally applicable quantitative measure of
process inefficiency. Analysing a multi-component system indicates the total system irreversibility distribution
among the components of system (Kotas [26]). Thus the first law based energy analysis as well as first law and
second law based exergy analysis is essential to evaluate the performance of a system. A number of researchers
have suggested the exergy analysis and energy and exergy analysis both. Zubair et al. [56] carried out first and

This paper was recommended for publication in revised form by Regional Editor Mohammed Sajjad Mayeed
!Department of Mechanical Engineering, Delhi Technological University, Delhi-110042, India

*E-mail address: sh_agar@rediff.com, profakhilesharora@gmail.com, bbaroa@dce.ac.in

Orcid id: 0000-0002-2363-7296, 0000-0002-5984-406X, 0000-0001-8022-5573

Manuscript Received 10 September 2018, Accepted 03 January 2019



Journal of Thermal Engineering, Vol. 7, No. 1, pp. 109-132, January, 2021
Yildiz Technical University Press, Istanbul, Turkey

second law analysis of both two stage and mechanical subcooling refrigeration cycles with HFC-134a and
predicted that most of the losses were due to the low compressor efficiency. Llopis et al. [28, 29] analysed
theoretically a simplified model of CO;trans-critical refrigeration system using a dedicated mechanical subcooling
cycle. It was reported that cooling capacity and COP increased by 28.8% and 20% respectively. They have
presented the five simplified two stage refrigeration system models and analysed these system for energy
performance and total environmental warming impact (TEWI) analysis with low-GWP HFC, HFO and naturals
refrigerants. It was reported that the future solutions might be based on low-GWP refrigerants. Numerical and
experimental approach for different refrigerant combinations in mechanical sub-cooling system, vapour
compressor cycle using integrated mechanical sub-cooling, simple vapour compression cycle with dedicated
mechanical subcooling cycle and employing a subcooler in two stage refrigeration cycle considered by Qureshi
et al. [36, 37]. She et al. [42, 43] proposed an energy efficient refrigeration system subcooled by liquid desiccant
dehumidification and evaporation process. It was predicted that COP of the hybrid system was 16.3% higher than
that of conventional vapour compression refrigeration system. Mota-Babiloni et al. [31-34] reviewed the recent
developments in commercial refrigeration and focused on system maodifications dedicated subcooling/
implementation of ejectors, trigeneration technologies (electrical, heating and cooling demand) and better
evaporation conditions control. It was reported that the hydrocarbon, HFO and CO; were HFC replacements.
Additionally, analyzed and proposed various mixtures (HFCs: R32, R125, R152a and R134a and HFOs: R1234yf
and R1234ze(E)) to phase out the refrigerants R134a, R404A and R410A as per EU Regulation No 517/2014.
Ansari et al. [2] carried out theoretical exergy analysis of a simple vapour compression refrigeration system with
a liquid vapour heat exchanger using alternative refrigerants R1234yf and R1234ze as replacements of R134a. It
was highlighted that the refrigerants R1234yf and R1234ze can be good replacements of R134a. The liquid vapour
heat exchanger shows lower efficiency defect value while condenser shows highest efficiency defect value. Dixit
et al. [15, 16] carried out energy and exergy analysis of absorption-compression cascade and waste heat driven
triple effect refrigeration cycles. Topal et al. [46, 47] presented case studies of poultry industry and power plant
in turkey based on application of trigeneration and exergy analysis of plant. Taner et al. [48-50] carried out
optimization, energy-exergy analysis and techno-economic & cost analysis of a drying plant, model of sugar
factory and turbine power plant of sugar in turkey respectively. Moreover, the energy efficient and cost saving
refrigeration cycles studies include (Cecchinato et al. [11], CEATI [12]) presented the energy efficient and cost
saving configurations of small, medium and large sized refrigeration and air-conditioning systems.

In recent years, the fourth generation Hydrofluoro-olefins (HFOs)-R1234yf and R1234ze are being
considered as alternative to R134a. Although, R134a is a wide spread used refrigerant due to its commercial
availability, similar properties to R12, less ODP value, excellent thermal stability, non toxic and non-flammability
etc., it is a HFCs and has high GWP value [Table 1]. The European Union (EU) regulation is phasing out the
current generation HFCs like R134a due to its high GWP and environment consequences. A number of studies
have been carried out using R1234yf and R1234ze. In the notable studies, Yataganbaba et al. [53] performed
exergy analysis on a two evaporator vapour compression refrigeration system using R1234yf, R1234ze and R134a
as refrigerants. The two refrigerants R1234yf and R1234ze were good alternatives to R134a regarding their
environment friendly properties. Sethi et al. [41] carried out tests in a representative vending machine system
(cassette) at two representative outdoor ambient temperatures of 32.2°C (efficiency test), and 40.5°C (capacity
test) for return air temperatures of 2°C, 20°C and 38°C using refrigerants R1234yf and R1234ze(E) as a
replacement to R134a. It was predicted that the performance of R1234yf is similar to R134a while R1234ze(E)
requires minor changes in the system design. Zheng and Zhao [55] proposed a two-stage heat pump (TSHP) based
on the combination of vapour expander and compressor i.e. TSHP-E. Thermodynamic and economic performance
comparison have been carried out for wet refrigerants R152a, R134a, R161 and R290, and dry fluids including
R227ea, R1234yf and R1234ze and concluded that the COP and exergetic efficiency of TSHP-E is higher than
that of single-stage heat pump (SSHP) when temperature lift was large. Devecioglu and Oruc [13] investigated
properties of low GWP refrigerants R450A, R513A, R1234yf and R1234ze(E) replaced to R134a; DR-33, L40,
DR-7; R448A replaced to R404A; DR-5; R447A replaced to R410A; and N20 and R444B replaced to R22. The
study highlighted that all the new refrigerants are better regarding their low GWP values and R1234yf, L40, DR-
5 and R444B refrigerants can be good alternatives to R134a, R404A, R410A and R22, respectively. Pigania et al.
[35] examined the safety, efficiency, volumetric capacity and total environmental warming impact for a marine
refrigeration system using low GWP refrigerants ammonia (NH3), carbon dioxide (CO>), and the HFOs R1234yf
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and R1234ze(E) and predicted that the Low-GWP refrigerants may increase the system total environmental
warming impact (TEWI). Five low GWP refrigerants R152a, R1234yf, R1234ze(E), R290 and R600a have been
compared by Sanchez et al. [40] for the replacement of R134a on the same refrigerating test bench equipped with
a hermetic compressor designed for R134a. It was predicted that R1234yf and R152a can be considered suitable
drop-in alternative to R134a considering the energy consumption and the cooling capacity of refrigerating facility.
On the other hand, R1234ze(E), R600a and R290 were not suitable drop-ins because these required different
displacement compared to R134a. Jankovic et al. [22] analysed R1234yf and R1234ze(E) as drop-in replacement
for R134a in a small power refrigeration system considering equal evaporation and condensation temperatures
before and after the refrigerant replacement and for equal cooling medium conditions in the condenser. It was
announced that the R1234yf was an adequate drop-in refrigerant for R134a but R1234ze might perform better
when an overridden compressor can be used to match the refrigerating system cooling power. Fang et al. [19]
carried out numerical and thermodynamic analysis of ejector heat driven refrigeration cycle (EHDRC) for the
drop-in replacement of refrigerant R134a with R1234yf and R1234ze(E). It was reported that R1234yf appeared
good drop-in replacement of R134a in a real EHDRC with decrease of 5.2% for the entrainment ratio, 9.6% for
the COP and 19.8% for the cooling power in average. On the other hand using R1234ze(E) would induced some
modifications due to its thermodynamic properties with reduced coefficient of performance (COP) and cooling
power by 4.2% and 26.6% in average with better entrainment ratio.

The present energy and exergy analysis compare the R1234yf and R1234ze to R134a using a LVHE
VCR cycle for different evaporator temperature, degree of subcooling, effectiveness of LVHE and isentropic
efficiency of compressor. The thermodynamic and environmental properties of R134a, R1234yf and R1234ze are
briefly being compared in Table 1.

Table 1. Thermodynamic and environmental characteristics of refrigerants R134a, R1234yf and R1234ze
(PHoneywell [20], Honeywell [21], 'NIST REFPROP version 9.0 [27], ®Bitzer [10], "ANSI/ASHRAE standard
34 [7], “EES [24])

Refrigerant R134aPar R1234yfP R1234ze ¢
Chemical Name" 11,1,2- 2,3,3,3- trans-1,3,3,3-
Tetrafluoroethane | Tetrafluoropropene Tetrafluoroprop-1-
ene
Molecular formula" CH2CF4 CsH2F. CsHF.
(CF3-CH2F) (CH.=CFCF3) (CFsCH=CHF)
Molecular mass (kg/kmol)" 102.03 114.04 114.04
Boiling Point (°C)" at 1 atm -26.07 -29.45 -18.95
Freezing Point (°C)*% at 1 atm -103.3 -150 -156
GWP RatingPas 1430 4 <1
ODP RatingPs 0 0 0
Critical Temperature(°C)" 101.06 94.69 109.37
Critical Pressure (MPa)" 4.0593 3.3822 3.6363
Safety groupt Al A2L A2L
Purity (wt.%0) 100% 100% 100%
AppearanceP Colourless Colourless Colourless
CombustibilityP No Yes (Low) No
Corrosiveness No -- --
ToxicityPd No No No
Thermal stability Excellent Very good --
Flammability® Non flammable Mild flammable Mild flammable
Specific heat (Cpv) at -10°C 0.8543 0.8849 0.8656
(kJ/kg°C)* (Cp) at 50°C 1.566 1.478 1.505
Latent heat of| (hg) at -10°C 206.7 170.0 190.5
vaporization  "(h y5¢ 500C 151.8 123.4 145.0
(kJ/kg)“
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With the reference to the literature survey constituted from the different established database sources like
Science Direct, Scopus and Research Gate etc., these valuable studies focus on the exergy analysis of VCR cycle
using different refrigerants. Out of the considered research, some highlight energy efficient techniques of
subcooling to VCRS and other emphasised the use of Hydrofluoroolefins (HFOs) refrigerants as alternative of
current generation of Hydrofluorocarbon (HFCs). Although extensive research has been carried out to check the
thermodynamic performance of traditional VCRS, and associated with energy efficient subcooling techniques
using different refrigerants, as far as concern a limited number of analysis have been performed to explore the
thermodynamic performance of VCR cycle employed LVHE for mechanical subcooling using HFOs and to
investigate the effect of degree of subcooling, effectiveness of LVHE, isentropic efficiency of compressor and
evaporator temperature on the COP, exergetic efficiency and total exergy destruction of the system and system
components. In the present work, unlike the past research the energy and exergy analysis of a VCR cycle employed
LVHE for mechanical subcooling using R1234yf and R1234ze as alternative to R134a have been performed for
the different degree of subcooling, evaporator temperature, effectiveness of LVHE and isentropic efficiency of
COMpressor.

The current paper consists four sections. Section 1 describes briefly the refrigerants considered for
analysis and rationale of the study. In section 2, the description of VCR system employing LVHE for mechanical
subcooling in detail with thermodynamic modelling dealing energy and exergy criteria has been presented. Section
3 highlights the results of energy and exergy analysis of system and system components and finally, the concluding
remarks have been discussed in section 4.

SYSTEM DESCRIPTION AND MODELLING

In the present work, a VCR cycle employed LVHE for mechanical subcooling using R1234yf and
R1234ze alternative to R134a refrigerant has been investigated for energy and exergy performance. A liquid
vapour heat exchanger is used to subcool the saturated liquid refrigerant leaving the condenser. Figs. 1(a) and 1(b)
show the schematic and P-h diagrams of vapour compression cycle with liquid vapour heat exchanger
respectively. The system comprises a compressor, a condenser, a throttle valve, an evaporator and a liquid vapour
heat exchanger. The pressure-enthalpy and temperature-entropy diagrams of considered refrigerants R134a,
R1234yf and R1234ze have been shown in Fig. 1(c) with the evaporator (-10°C) and condenser temperature (50°).
The evaporator (200.7, 221.8 and 227.4 kPa) and condenser pressure (1319, 1302, 997.4 kPa) corresponding to
evaporator (-10°C) and condenser temperature evaporator (50°) have been notified to compare the applicability
of the refrigerants R134a, R1234yf and R1234ze respectively.

Generally, commercial refrigerating units are incorporated with liquid vapour heat exchanger (LVHE)
for making the advantage of mechanical subcooling to enhance the cooling capacity of the system. Mechanical
subcooling is a process to subcool the saturated liquid leaving the condenser and superheat the saturated vapour
leaving the evaporator. Moreover, refrigeration involves the phase change of refrigerants i.e. from vapour to liquid
or liquid to vapour to absorb the heat from a colder region, temperature and pressure of refrigerant rises and finally
rejected heat to a hotter region. The cold fluid (superheated vapour) is received by the compressor at state point
la which compressed the fluid to the high pressure at state point 2a. The high pressure and temperature
superheated fluid rejects its heat in the condenser from state 2a to 3 and a saturated liquid is obtained at state point
3. The saturated liquid refrigerant leaving the condenser (state point 3) enters into LVHE where it loses the heat
to the saturated vapour refrigerant coming from evaporator. The heat exchanger subcools the saturated liquid
(state point 3a, from where the subcooled liquid is expanded though a throttle valve to state 4a) and saturated
vapour gets superheated (state point 1a) before entering into the compressor. In the compressor the superheated
refrigerant is compressed to state 2a. The refrigeration effect is produced in the evaporator from state 4a to state
1. The effect of incorporating the LVHE in the cycle is to increase the specific refrigeration effect as well as
specific compressor work. The change in COP depends upon the rate of increase of cooling capacity and
COMPressor power.
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Figure 1(a). Schematic diagram of liquid vapour heat exchanger (LVHE) incorporated vapour compression
refrigeration cycle
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Figure 1(b). P-h diagram of LVHE incorporated vapour compression refrigeration cycle
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Figure 1(c). Temperature-entropy (T-s) and Pressure-enthalpy (P-h) state diagrams of R134a, R1234yf
and R1234ze
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Thermodynamic Modelling
In this work, the energy and exergy performance of a LVHE incorporated VCR cycle have been analysed

using R134a, R1234yf and R1234ze for different degree of subcooling, evaporator temperature, effectiveness of
LVHE and isentropic efficiency of compressor. The compressor work, COP, exergetic efficiency, total exergy
destruction and exergy destruction ratio of the system have been investigated and the exergetic efficiency, exergy
destruction and exergy destruction ratio of each component are also explored. A computer program using EES
has been prepared to evaluate effect of different parameters. The thermodynamic modelling is categorised in two
sections. One is energy analysis and other is exergy analysis.

Energy Analysis
The coefficient of performance (COP) of VCR cycle with LVHE is given by the equation (1)-(3)

cop = % 1)

Weomp

Where Q, is the net refrigeration effect produced and Wcomp is the actual work of the compressor.
Qe:mr(hla - h4a) 2

I/i/'compz n,(h2q — h1q) (3)

The effectiveness of liquid-vapour heat exchanger is the ratio of minimum amount of heat transfer to the
maximum amount of heat transfer.

_r(p) (T3 T50)

= 4
11(6p) i T3 TD) @
Where ¢ is the effectiveness of LVHE and C;, is the specific heat capacity of flowing refrigerant.
The energy balance in the LVHE is given by equation (5)
mr (h.? - ba”a) = mr (hla - ]11) )

Exergy Analysis

The concept of exergy is derived from the second law of thermodynamics and the exergy is defined as
the maximum useful work which can be extracted from a system as it reversibly comes into equilibrium with its
environment or degree measure of usefulness, quality or an effective measure of the potential of substance to
impact the environment (Bejan et al. [9], Arora and Kaushik [6]).

The total exergy (E) of a system is the sum of physical exergy (E"), kinetic exergy (EXV), potential
exergy (EPT) and chemical exergy (E") (Bejan et al. [9]).

E = (E) + (E) + (E'T) + (EY) (6)

However, due to minute speed changes and elevation, the kinetic and potential exergy are assumed to be
insignificant. The chemical exergy is significant with the departure of the chemical composition of a system from
its chemical equilibrium (Ahmadi et al. [1], Srinivas and Deb [44]).Therefore the physical exergy is considered
in the system and the chemical exergy is supposed to be neglected as the considered refrigeration system is free
from chemical reactions (i.e. combustion) or mixture of chemical substances.

For the refrigerant flowing in a refrigerating system, the exergy is defined as follows (Bejan et al. [9]):

E =m,[(h— ho) — To(s — sp)] (M

Where ho and sp are the enthalpy and entropy values of the refrigerant at dead state pressure Py and temperature
To.
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Exergy destruction(Ep) or internal exergy destruction losses which are caused by irreversibilites of the
system is the algebric sum of total exergy at the inlet and outlet of the system. General exergy balance is given by
Dincer and Kanoglu [14]:

ED = Ein - Eout (8)

Where Ej, is the rate of exergy destruction and E;,, and E, . are the total exergy transferred by heat, work
and mass.

The steady flow process is occurring in a control volume, the exergy balance for the system is given by
(Bejan et al. [9]):

B =20 —n) —xo(1-1) | £ + Bmegin - Zmedow] @

out

Where Epis the rate of exergy desturction. The first bracket on the right side of Equation (5) is the exergy
transfer associated with the transfer of energy by heat Q from the source maintained at constant boundary
temperature Ty, which is equal to the maximum reversevible work obtained from heat transfer Q by the Carnot
engine operating between Ty, and To. Where To is the dead state temperature. The second bracket repesents the
exergy transfer rates at control volume inlets and outlets and the W represents the time rate of exergy transfer by
work other than the flow work (mechanical work) to or from the control volume.

Exergy destruction (Ep) in the components of Liquid Vapour Heat Exchanger (LVHE) Vapour
Compression Cycle

The exergy destruction and exergetic efficiency in each component of the liquid vapour heat exchanger
(LVHE) vapour compression cycle is given by the following equations:

Evaporator

(ED)evp = EX4a + Qe (1 - %) - EX1 = rhr(hzl-a - TOS4-a) + Qe( - %) - rhr(hl - T051) (10)

(n)ep

(1)

Nex,evp = 1- Ex
4a

Compressor
(ED)Comp = EXla + I/i/comp - EXZa = mr(hla - T051a) + I/i/comp - mr(hZa - TOSZa) (12)

1— (ED)comp

= - 13
Nex,comp Weomp (13)
Condenser
(ED)Cond = EXZa - Ex3 = My (haq — ToS24) — My (hg — ToS3) (14)
(Ep)
Nex,cond = 1 — EX:) i(gl:g (15)
a

Throttle Valve
(ED)”W = EX3a - EX4a = mr(h3a - TOSBa) - mr(h4a - T054a) = ThrTO(SéLa - S3a) (16)

Exaq

776){,t}1V = E (17)
X3a
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Liquid Vapour Heat Exchanger
(ED)LVHE = (Exl - Exla) + (EX3 - EX3a) = 1My (hy — hiq + h3 — h3q) — M, To(s; —
Sia * S3 = S34) (18)

_ (Ep)LVHE
(Ex+Ex3)—(Ex34+Ex4)

Nexvhe = 1 (19)

Total Exergy Destruction
Total exergy destruction of the system is the sum of exergy destruction in each component of the system.
The total exergy destruction in LVHE vapour compression cycle is given by:

Z(ED) = (ED)evp + (ED)comp + (ED)cond T (ED)thv + (ED)LVHE (20)

Exergetic Efficiency
Exergetic efficiency is an important parameter for evaluating thermodynamic performance of a system
or a system component. In general exergetic efficiency is defined as (Dincer and Kanoglu [14]):

Z Eout 2 ED

Nex= g~ = 1- S B (21)

Where n__is the exergetic efficiency of the cycle. }; Eout: 2 i,y and 3 E are the total exergy recovered, supplied
and destructed respectively.

The exergetic efficiency is the ratio of exery in products to the exergy of fuel. The exergetic efficiency

of vapour compression refrigeration system is defined as the ratio of the exergy of heat absorbed in the evaporator

from the space to be cooled at temperature Ty to the actual compressor work input (v'vcomp) (Arora and Kaushik

[6D)-

. T
o)
b
=— 22
Nex = 5 (22)
:
Ty Qe
Space to be cooled
Figure 2. Exergy balance in evaporator and the space to be cooled [26]
To
Nex = COP x| (1= 22) (23)
Tp

Where Ty is the ambient or dead state temperature.

Exergy Destruction Ratio (EDR)
The EDR is the total exergy destruction in the system to the exergy in the products (Arora and Kaushik
[6]) and is given by Eq. (24).
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E 1
EDR = -2fetal — — 1 (24)
Ep Nex
The exergy destruction ratio is the rate of exergy destruction in a system component (Ep ;) to the exergy
rate of the fuel provided to the overall system (Ej .,.) or the total exergy destruction rate within the system

(Eptotar) (Bejan et al. [9]).

EDR = -tpi_ — _Ebi (25)

EE,total ED,total

The exergy destruction ratio in each component of the liquid vapour heat exchanger (LVHE) vapour
compression cycle is given by the following equations:

Evaporator
_ (ED)evp
EDREVp N ED,total (26)
Compressor
_ (ED)comp
EDRmmp N ED,total (27)
Condenser
(ED)cond
EDRcond = ?Z:Zl (28)
Throttle Valve
_ (ED)thv
EDRHIV N ED,total (29)
Liquid Vapour Heat Exchanger
EDR — (E[’)ﬂ (30)
thv ED,total

RESULTS AND DISCUSSION

A computer program is developed in EES [24] for the model described in section ‘Thermodynamic
Modelling’ above, to analyse LVHE associated to simple vapour compression refrigeration system using R134a,
R1234yf and R1234ze on the basis of energy and exergy. The property codes for various properties are inbuilt in
function directory of the EES and are called for computation of various properties such as specific enthalpy,
specific entropy, specific volume, pressures and temperatues etc. The results from the present analysis have been
compared with the results of Arora et al. [6]. It is observed that the difference in the value of COP and exergetic
efficiency is within a range of £1%. The difference in results may be due to the pressure drop in evaporator and
condenser is assumed to be zero.

The following assumptions and input variables have been considered during the analyis except where the
variation of physical parameters involved.

1. Net refrigerating effect (Q, ) = 3.5167 kW

2. The range of variation of evaportor temperature (T¢) = -30°C to 15°C

3. Isentropic efficiency of compressor (1:omp)= 80%

4. Condenser temperature(Tc) = 50°C (condenser temperature variates with climatic conditions, assuming

summer conditions in a country near equator line)
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5. Effectiveness of LVHE (¢ or evhe ) = 0.8

6. Difference between evaporator temperature and space temperature (T, -Te) = 5°C

7. Ambient or Dead state temperature (To) = 25°C

8. It is assumed that pressure drop in LVHE is negligible and no exeternal heat loss
9. It is assumed that the state of refrigerant is dry and saturated at the entry of compressor for LVHE

vapour compression cycle (state points 1)

10. The range of degree of subcooling (AT)subcooling = 5 t0 30°C
11. The pressure drop in evaporator (8.) and condenser (8.) is assumed to be zero.

Effect of subcooling ((AT)sc)

The effect of degree of subcooling on degree of superheating ,compressor work, COP and exergetic

efficiency is shown in figures 3(a) to 3(c).
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Figure 3(a). Effect of degree of subcooling (AT)sc on degree of superheating (AT)sn and compressor work
(Wcomp) for LVHE incorporated VCR cycle (T, = -10°C)

Figure 3(a). presents the effect of mechanical subcooling on superheating and compressor work. The
degree of superheating increases for considered refrigerants with the increase in degree of subcooling due to
exchange of heat in the LVHE. Thus the compressor work also increases with the increase in degree of
superheating. Since the specific heat of liquid refrigerant is higher than the vapour, refer to equation (5), the degree
of superheating (AT)su is more than the degree of subcooling (AT)sc. It is observed that for R134a, the
superheating achieved in LVHE is higher compared to other refrigerants. Since the ratio of specific heat of liquid
to specific heat of vapour is maximum in its case. The average value of Cp /Cpy for R134a is 1.833 and the
corresponding value for R1234yf and R1234ze are 1.670 and 1.739 at the temperature 50°C and -10°C [Table 1].
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Figure 3(b). Effect of degree of subcooling (AT)sc on COP for LVHE incorporated VCR cycle (Te = -10°C)
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Figure 3(c). Effect of degree of subcooling (AT)sc on exergetic efficiency (n,, ) for LVHE incorporated VCR
cycle (Te =-10°C)

Fig. 3(b) shows the variation of coefficient of performance (COP) with degree of subcooling for the
refrigerants R134a, R1234yf and R1234ze. As the degree of subcooling increases, the compressor work also
increases, however the rate of increase in specific refrigerating effect is observed to be more than the rate of
increase of specific compressor work. Thus the COP of vapour compression cycle with LVHE for all the three
refrigerants is observed to increase with increase in degree of subcooling. The COP of simple saturated VCR cycle
(i.e. inabsence of LVHE) is 2.464, 2.255 and 2.420 for R134a, R1234yf and R1234ze respectively. The refrigerant
R1234ze outperforms the other two refrigerants with regard to COP. R134a shows better COP than the R1234yf
for both the lower end and higher end values of subcooling. The difference in the COP for R134a and R1234ze is
1.04% at 10°C of subcooling while 1.87% at 30°C of subcooling. The percentage difference in COP for R134a
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and R1234yf are 2.73% at 10°C and 0.69% at 30°C of subcooling. The difference for R1234ze and R1234yf are
3.77% at 10°C and 2.56% at 30°C of subcooling.
The effect of subcooling on exergetic efficiency is shown in Fig. 3(c). The n__is observed to increase

;0 .Since the COP

with increase in degree of subcooling. The n_is given by the formulan_ = COP X |(1 — —b)

increases with increase in degree of subcooling whereas the term|(1 — T—") remains constant hence n__increases
b

with increase in degree of subcooling. The compressor work increases with increase in degree of subcooling,
however the rate of increase in specific refrigerating effect is observed to be more than the rate of increase of
compressor work. Thus the exergetic efficiency of vapour compression cycle with LVHE is observed to increase
with increase in degree of subcooling for all the three refrigerants. The exergetic efficiency for simple saturated
VCR cycle (i.e. in the absence of LVHE) is 0.2757, 0.2523 and 0.2707 for R134a, R1234yf and R1234ze
respectively. The exergetic efficiency for R134a and R1234ze is more than the R1234yf. It is observed that the
slope of curve for R134a is less than that of R1234yf and R1234ze. The percentage difference in exergetic
efficiency for R1234ze and R134a are 0.82% at 10°C and 1.88% at 30°C of subcooling. The difference for
R1234yf and R134a are 3.53% at 10°C and 0.68% at 30°C of subcooling. Similarly the difference for R1234ze
and R1234yf are 4.38% at 10°C and 2.58% at 30°C.

Effect of Evaporator Temperature (Te)
The variation of evaporator temperature on various performance parameters of mechanically subcooled

vapour compression cycle incorporated with LVHE is shown in Figures 4(a) to 4(d).
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Figure 4(a). Effect of evaporator temperature (Te) on degree of subcooling (AT)sc for LVHE incorporated VCR
cycle

The variation of degree of subcooling with evaporator temperature is depicted in Figure 4(a). As the
evaporator temperature increases, the degree of subcooling is observed to decrease. At higher evaporator
temperature the rate of heat transfer form high refrigerant to low temperature refrigerant decreases and hence
degree of subcooling decreases. The observed value of degree of subcooling is minimum for R134a and maximum
for R1234yf.
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Figure 4(b). Effect of evaporator temperature (T.) on compressor work (Wcomp) for LVHE incorporated VCR
cycle

121



Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp. 109-132, January, 2021

—®—-R134a (VCR+LVHE)
| —=—R1234yf(VCR+LVHE)
—+—R1234ze (VCR+LVHE)

CoP

—4-R134a (VCR) |

—¥%-R1234yf (VCR)

—=-R1234ze (VCR)

-30 -25 -20 -15 -10 -5 0 5 10 15
Te (°C)

Figure 4(c). Effect of evaporator temperature (Te) on COP of VCR cycle with and without LVHE

The effect of evaporator temperatrue on compressor work is shown in Fig. 4(b). As the evaporator
temeperature increases, the compressor work is observed to decrease. The pressure ratio between evaporator and
compressor and degree of subcooling decrease with increase in evaporator temperature (Refer Fig. 4(a))
consequently decrease in degree of superheating. Hence the compressor work decreases. It is observed that the
compressor work is least for R1234ze.

The variation of COP with evaporator temperature is shown in Fig. 4(c). The COP of VCR cycle with or
without LVHE increases with increase in evaporator temperature. As the compressor work decreases with increase
in evaportor temperature (Refer Fig. 4(b)) and the specific refrigerating effect increases. Thus the COP of the
cycle increases. It is observed that the COP of the VCR cycle with LVHE is higher than the VCR cycle without
LVHE for the considered refrigerants. At lower evaporator temperature (between -30°C to 0°C), the VCR cycle
with LVHE performs better for the refrigerants considered.
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Figure 4(d). Eexergetic efficiency (nex) VS evaporator temperature (Te)
for LVHE incorporated VCR cycle

The variation of exergetic efficiency with evaporator temperature is shown in Fig. 4(d). The exergetic
efficiency decreases with increase in evaporator temperature. Exergetic efficiency is given by formula
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N, = COP X% |(1 —z—") , the term COP increases (Refer Fig. 4(c)) on the other hand, the term |(1 —;—")
b b

decreases with increase in evaporator temperature (i.e. (Tp-Te) = 5°C). Thus the result of two is that the exergetic

efficiency decreases. It is observed that the exergetic efficiency is least for R134a and highest for R1234ze.

Effect of Effectiveness of Liquid Vapour Heat Exchanger (€.vuEe)

The variation of effectiveness of liquid vapour heat exchanger on various performance parameters is
shown in figures 5(a) to 5(d).

Fig. 5(a) shows the effect of effectiveness of LVHE on degree of subcooling. As the effectiveness of
LVHE increases, the degree of subcooling of the LVHE cycle increases due to increasing rate of heat extraction
from the liquid refrigerant.
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Figure 5(a). Degree of subcooling (AT)sc vs effectiveness of liquid vapour
heat exchanger (gLvre) (Te =-10°C)

It is observed that R1234yf registers more increase in degree of subcooling in comparison to R134a and

R1234ze.
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Figure 5(b). Compressor work (V'Vcomp) vs effectiveness of liquid vapour
heat exchanger (eLvre) (Te = -10°C)

Fig. 5(b) shows the effect of effectiveness of LVHE on compressor work. The compressor work decreases
with increase in effectiveness of liquid vapour heat exchanger. For the considered operating conditions with
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increase in effectiveness of LVHE, the mass flow rate of the refrigerant decreases and hence the compressor work
also decreases.It is observed that the compressor work decreases more for refrigerant R1234yf than the other two

refrigerants. For R134a the decrease in compressor work is least.
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Figure 5(d). Exergetic efficiency (nex) Vs effectiveness of liquid
vapour heat exchanger (eLvre) (Te = -10°C)

Fig. 5(c) shows the variation of COP with effectiveness of LVHE. The COP of the cycle increases with
icrease in values of effectiveness of liquid vapour heat exchanger. Figs. 5(a) and 5(b) show that the degree of
subcooling increases and refrigeranting effect increases while the compressor work decreases with increase in
values of LVHE effectiveness. Hence the COP of the cycle increases. It is observed that the rate of increase in
COP of the cycle for refrigerant R1234yf is more than the other two refrigerants. The increase in COP is least for
R134a.
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Fig. 5(d) shows the effect of effectiveness of LVHE on the exergetic efficiency. The exergetic efficiency
of the cycle increases with increase in effectiveness of LVHE. Due to increase in refrigerating effect and decrease
in compressor work (refer Figs. 5(a) and 5(b)), the exergetic efficiency increases. It is observed that the increase
in exergetic efficiency is maximum for R1234yf and is minimum for refrigerant R134a.

Effect of Compressor Efficiency (ncomp)
The variation of compressor efficiency on different performance parameter is shown in figures 6 (a) and

6(b).
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k —4-R134a (CW)
4 \\ —¥-R1234yf (CW) 5
N\ —X%-R1234ze (CW)
3.5 AN -
3 =
o 2 o
O 25 £
(&) O
1.5 =
2
1.5 —®—-R134a (COP) 1

—=m—R1234yf (COP) —A—R1234ze (COP)

0.4 0.5 0.6 0.7 0.8 0.9 1
n

combp

Figure 6(a). Coefficient of performance (COP) and compressor work (V'Vcomp) Vs isentropic compressor
efficiency (ncomp) (Te = -10°C)

Fig. 6(a) shows the effect of isentropic efficiency of compressor on COP of the cycle and compressor
work. It is observed that the COP of the cycle increases with increase in isentropic efficiency of compressor for
the refrigerants considered. The reason for increase in COP of the cycle is reduction in compressor work with
increase in isentropic n of compressor It is observed that the increment in the COP is maximum for refrigerant
R1234yf and minimum for R134a while the decrease in compressor work is maxmimum for R1234yf and
minimum for R134a.
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Figure 6(b). Exergetic efficiency (nex) VS isentropic compressor efficiency (1comp) (Te = -10°C)

Fig. 6(b) shows the effect of isentropic efficiency of compressor on the exergetic efficiency of the cycle.
The exergetic efficiency of the cycle increases with increase in compressor efficiency for the considred
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refrigerants. As the compressor work decreases (Refer Fig. 6(a)), the exergetic efficiency of the cycle increases.
It is observed that the increment in the exergetic efficiency is maximum for refrigerant R1234ze and minimum

for refrigerant R134a.

Effect of Subcooling (AT)sc, Evaporator Temperature (Te), Effectiveness of LVHE (gL.vue) and
Compressor Efficiency (ncomp) on Total Exergy Destruction and Exergy Destruction Ratio (EDR)

The effect of subcooling (AT)sc, evaporator temperature (Te), effectiveness of LVHE (eLvie) and
compressor efficiency (neomp) 0N performance parameters viz. total exergy destruction and exergy destruction ratio

is shown in figure 7.
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Figure 7. The total exergy destruction and exergy destruction ratio vs. degree of subcooling (AT)sc, evaporator
temperature (Te), effectiveness of LVHE (sLvre) and isentropic efficiency of compressor (1comp)

The total exergy destruction and exergy destruction ratio decrease with increase in degree of subcooling,
effectiveness of LVHE and isentropic efficiency of compressor. However total exergy destruction increases and
exergy destruction ratio decreases with increase in evaporator temperature. Refer to the Figs. 3(c), 5(d) and 6(b),
the exergetic efficiency increases with increase in degree of subcooling, effectiveness of LVHE and isentropic
efficiency of compressor consequently total exergy destruction and exergy destruction ratio decrease. The
exergetic efficiency decrease with increase in evaporator temperature (refer Fig. 4(d)) results decrease in total
exergy destruction and exergy destruction ratio. It is observed that the R1234ze reaches its minimum value while
the R1234yf and R134a fluctuate for maximum value.

126

EDR



Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp. 109-132, January, 2021

mR134a mR1234yf mR1234ze

- mR134a mR1234yf mR1234ze

Eo(kW)
% EDR

mR134a mR1234yf mR1234ze

100

80

60
40
20

Yo Nex

E —
P comp  cong

y

Figure 8. Exergy destruction (Ep), percentage of exergy destruction ratio (%EDR) and percentage of exergetic
efficiency (nex) in different components of LVHE associated VCR system (T, = -10°C)

The variation of exergy destruction, % EDR and % exergetic efficiency in different components of VCR
system incorporated LVHE is shown in Fig. 8 for the considered refrigerants. The exergy destruction and % EDR
are highest in condenser and lowest in evaporator as compared to other system components viz. compressor,
throttle valve and LVHE. Hence the system components condenser and evaporator are the sites of highest and
lowest exergy destruction. On the other hand the system component evaporator is the site of highest exergy
recovery as the exergetic efficiency of evaporator is observed to be highest. The exergetic efficiency of condenser
and LVHE is observed to be zero. Thus the system components condenser and LVHE are the sites of lowest
exergy recovery. However exergetic efficiency of throttle valve and compressor is observed higher than that of
condenser and LVVHE and lower than evaporator for the considered refrigerants. It is observed that the value of
exergy destruction and % of EDR are lowest for R134a in the evaporator and highest for R134a in the condenser.
The exergetic efficiency is highest for R1234ze in the evaporator. The exergy recovery in the throttle valve and
compressor is carried out by R1234ze higher than the other refrigerants.

127



Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp. 109-132, January, 2021

Table 2. The results of exergy analysis of VCR cycle equipped with LVHE (Te = -10°C, (AT)sc = 5°C)

Refrigerants System components of LVHE VCR cycle
Evp Comp Cond Thv LVHE

R134a E;, (kW) | -0.6257 -0.6334 0.2976 -0.1679 -0.7473
(HFC) E,u (KW) | -0.6048 0.2976 -0.1425 -0.2323 -0.8013
Ep(kW) 0.0772 0.3000 0.4401 0.0644 0.0540
EDR 0.0089 0.3463 0.5081 0.0743 0.0624

Nex 0.9100 0.7563 0 0.6168 0
R1234yf En(KW) 2.4400 -0.2424 -1.5480 -1.9730 -4.3490
(HFO) Epue(kW) | -2.3890 -1.5480 -1.9590 -2.4060 -4.3980
Ep(kW) -0.0154 0.3335 0.4109 0.0729 0.0491
EDR -0.0181 0.3919 0.4828 0.0857 0.0577

Nex 0.9754 0.7243 0 0.9631 0
R1234ze Ein(KW) -2.2550 -2.2530 -1.3740 -1.8040 -4.0010
(HFO) Epue(KW) | -2.2222 -1.3740 -1.7790 -1.8620 -4.0580
Ep(KW) -0.0019 0.3130 0.4051 0.0576 0.0569
EDR -0.0023 0.3768 0.4876 0.0693 0.0686

Nex 0.9820 0.7375 0 0.9681 0

CONCLUSIONS

The present work compared the low GWP refrigerants R1234yf and R1234ze to R134a in a vapour
compression refrigeration cycle mechanically subcooled by a liquid vapour heat exchanger (LVHE). The energy
and exergy analysis have been carried out for a theoretical model of LVHE incorporated to VCR cycle using
R134a, R1234yf and R1234ze. The effect of degree of subcooling, evaporator temperature, effectiveness of LVHE
and isentropic efficiency of compressor have been observed on compressor work, degree of superheating, COP,
exergetic efficiency, total exergy destruction and exergy destruction ratio of the system. The exergetic efficiency,
exerg destruction and exergy destruction ratio of system components have also been evaluated. The results have
been compared for simple VCR and VCR cycle subcooled by an incorporated LVHE and are presented for three
different refrigerants R134a, R1234yf and R1234ze. The conclusions of the present communication are
summarised below:

e The COP of the cycle is higher for HFO-R1234ze than R134a and R1234yf. The COP of the cycle
enhances with the increase in different variables i.e. degree of subcooling, evaporator temperature,
effectiveness of LVHE and isentropic efficiency of compressor. Similarly the cycle achieves highest
value of exegetic efficiency for R1234ze.

e The values of performance parameters are lower for R1234yf than the HFC-R134a. However the
difference is comparable small and it has eco-loving characteristics, so it can be a considerable
replacement of R134a.

e The greater amount of exergy destruction takes place with the R1234yf and R134a.

e The condenser is the site of major portion of exergy destruction.

e The exergy destruction in the evaporator takes place lower than the other components.

o The highest exergetic efficiency is obtained by the evaporator.

o The exergetic efficiencies of condenser and LVHE are lower as compared to other system
components.

In the light of above conclusions, it is inferred that HFO-R1234ze is the best among the refrigerants
considered and can replace the traditional HFC-R134a with minor modifications in design. Although the
performance of HFO-R1234yf is lower than that of HFC-R134a, having eco-loving characteristics and small
deviation in the values of performance parameters, it can be a good alternative to HFC-134a. It is also predicted
that the condenser and evaporator are most sensitive system components in context to the recovery of exergy
criteria.
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NOMENCLATURE

COP  Coefficient of performance
ED Exergy destruction

Ep Exergy destruction rate (kW)
EDR  Exergy destruction ratio

EES Engineering equation solver
GWP  Global warming potential

H Specific enthalpy (kJ/kg)
HFC  Hydrofluorocarbon

HFO  Hydrofluoroolefin

LVHE Liquid vapour heat exchanger

m, Mass flow rate of refrigerant (kg/s)
ODP  Ozone depleting potential

P Pressure (kPa)

Q Rate of net refrigerating effect (kW)
S Specific entropy (kJ/kg°C)

T Temperature (°C)

To Dead state temperature (°C)

To Boundary temperature (°C)

Te Evaporator temperature (°C)

VCR  Vapour compression refrigeration
|14 Work rate (KW)

Greek symbols
(AT)sc Degree of subcooling (°C)
(AT)sn Degree of superheating (°C)

€ Effectiveness

n Efficiency

S Pressure drop in condenser (kPa)
O Pressure drop in evaporator (kPa)
Subscripts

0 Dead state

b Boundary

comp  Compressor

Cw Compressor work

Cond  Condense

Co Specific heat of liquid refrigerant (kJ/kg°C)
Cov Specific heat of vapour refrigerant (kJ/kg°C)

D Destruction

evp Evaporator

ex Exergetic

htg Heat of vaporization (kJ/kg)
r Refrigerant

SC Subcooling
SH Superheating
thv Throttle valve
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