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ABSTRACT

In the thesis, the refrigeration and air-conditioning systems having low carbon emission
and eco-friendly relationship have been examined and evaluated. An attempt has been
made to synthesise the vapour compression and absorption cycles for the investigation of
energy and exergy performance.

The subcooling methods viz. liquid vapour heat exchanger incorporation to vapour
compression refrigeration (VCR) system and dedicated mechanical subcooled VCR
system have been investigated using R134a and alternate refrigerants R1234yf and
R1234ze. An experimental VCR setup has also compared to simple theoretical VCR
system in order to examine the performance and compatibility of alternative refrigerants.
The results depict that the subcooling methods improve coefficient of performance (COP)
and exergy efficiency of the VCR system. The performance of R1234ze is better than that
of R1234yf and it competes with R134a.

The low grade energy (waste heat) available at temperature (i.e. within 60-200°C) is
utilized as source in the various cascade configurations of vapour compression-
absorption refrigeration cycles. The objectives of the present work are reduction in high
grade energy (electrical energy) consumed by the compressor consequently, reduction in
carbon emission and global warming potential. Simultaneously, the cascading effect
produces lower temperature for the deep freezing and chilling applications.

For achieving the dual objectives, the energy and exergy analysis of absorption-
compression cascade refrigeration cycles along with wide range of parametric analysis
have been carried out by developing engineering equation solver (EES) software based
computer programs.

The waste heat available at higher temperature (165-200°C) has been utilized in
compression-absorption (triple effect series flow H>O-LiBr) cascade refrigeration cycle
while the low temperature (65-95°C) waste heat has been utilized in compression-
absorption (single and half effect series flow H20-LiBr) cascade refrigeration cycle. The
low global warming potential (GWP) and zero ozone depleting potential (ODP),
hydrofluoroolefin (HFO) refrigerant R1234yf has been proposed as a working fluid for
vapour compressor refrigeration system. The various configurations of cascade
refrigeration system have been compared to vapour absorption and compression systems

separately to examine the thermodynamic performance. The results depict that COP and



exergetic efficiency of single effect H.O-LiBr absorption-compression cascade
refrigeration system (ACCRS) are highest and lowest for half effect ACCRS. The total
exergy destruction is lowest for single effect ACCRS and highest for half effect ACCRS.
It has also been observed that the energy and exergy performance of R1234ze is better
than that of R1234yf in the VCR section of absorption-compression (single effect H.O-
LiBr) cascade refrigeration system. The elecricity consumption of half and triple effect
cascade refrigeration systems is reduced by 54.29 % and 45.84% than that of
convensional vapour compression referigeration cycle. The enhancement in COP by
85.26% and 118.7% in triple and half effect cascade refrigeration systems respectively.
The enhancement in the exergetic efficiency of VCR cirucit of triple effect absorption
compression cascade refrigerion is 85.28% and the reduction in tota exergy destruction is
70.8% and in half effect absorption compression cascade refrigeration system,
enhancement in the exergetic efficiency of VCR cirucit is 118.74% and the reduction in
tota exergy destruction is 80.66% .

For simultaneous production of power, heat and refrigeration, tri-generation power plants
having absorption compression cascade refrigeration system are examined and analysed
for their performance improvement using energy and exergy principles. The results depict
that the COP and exergetic efficiency of the cascade refrigeration system powered by
micro-gas turbine improve over conventional VCR and vapour absorption refrigeration
(VAR) system along with reduction in consumption of high grade energy (electricity).
Additionally, retrofitted technologies viz. evaporative cooling (EVC) of inlet air to
compressor and steam injection to gas turbine (STIG) are also investigated for
performance improvement of gas turbine. The results highlight that the use of retrofitted
techniques enhances power output by 60.79% and generation efficiency by 28.4% of
simple gas turbine cycle.

The current work is worthwhile to develop and design the energy efficient, eco-friendly

advanced cooling cycles and thermal power plants.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The demand of refrigeration and air-conditioning is going on increase day by
day in our daily life. The applications of refrigeration and air-conditioning touch every
domain of our social life as well as society. These range from food preservation, water
chilling, medical preservation and diagnostics, frozen milk to semiconductor cooling.
These also involve residential, office and automobile air-conditioning.

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, 2014) and some other include air-
dryers, beverage dispenser, vending machines, refrigerators and chillers for
supermarkets & commercial buildings are using R1234ze (Honeywell, 2015).
Moreover, the European Union has approved a regulation (Regulation (EU) No
517/2014). According to that, the fluorinated gases having global warming potential
(GWP) more than 150 can’t be used in freezers and domestic refrigerators w.e.f.1% Jan,
2015. The same regulation has been implemented for modern types of mobile air-
conditioning systems from January 1, 2017. Therefore the low GWP and zero ODP
Tablel.1 alternative refrigerants R1234yf and R1234ze may propose to investigate 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.

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 1.1). The European Union (EU) regulation is
phasing out the current generation HFCs like R134a due to its high GWP and
environment consequences.

The alternate refrigerants R1234yf and R1234ze are established refrigerants due
to their remarkable thermodynamic and environmental characteristics which have been
illustrated in Table 1.1.



Table 1.1 Thermodynamic and environmental characteristics of refrigerants R134a,
R1234yf and R1234ze (PHoneywell [1], ‘Honeywell [2], 'NIST REFPROP version 9.0
[59], *Bitzer [51], 'ANSI/ASHRAE standard 34 [49], "EES [53])

Refrigerant R134aPar R1234yfP R1234z¢e
Chemical Name" 1,1,1,2- 2,3,3,3- trans-1,3,3,3-
Tetrafluoroethane| Tetrafluoropropene | Tetrafluoroprop-
1-ene
Molecular formula” CH2CF4 CsHzF4 CsH2F4
(CF3-CH2F) (CH,=CFCFs) (CF3CH=CHF)
Molecular mass | 102.03 114.04 114.04
(kg/kmol)"
Boiling Point (°C)" at 1 | -26.07 -29.45 -18.95
atm
Freezing Point (°C)Pa | -103.3 -150 -156
atlatm
GWP RatingP9s 1430 4 <1
ODP RatingPs 0 0 0
Critical 101.06 94.69 109.37
Temperature(°C)"
Critical Pressure | 4.0593 3.3822 3.6363
(MPa)"
Safety groupt Al A2L A2L
Purity (wt.%0) 100% 100% 100%
AppearancePd Colourless Colourless Colourless
CombustibilityPd No Yes (Low) No
Corrosiveness No -- --
ToxicityP No No No
Thermal stability Excellent Very good --
Flammability® Non flammable | Mild flammable Mild flammable
Specific  |(Cpv) at 0.8543 0.8849 0.8656
heat -10°C
(kJ/kg®C)¥|(Cpi) at 1.566 1.478 1.505
50°C
Heat of(hsg) 206.7 170.0 190.5
vaporizati at -10°C
on (hfg) 151.8 123.4 145.0
(kJ/kg)! jat 50°C

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, coupled
vapour compression refrigeration cycle, multistate compression, ejector and liquid

vapour heat exchanger etc. (Azzouzi et al., 2017, Yang and Yeh, 2015, She et al. 2014,



Koeln and Alleyne, 2014, Maurizio et al., 2015, Khan and Zubair, 2000, Staicovici,
2011, Xing et al., 2015, Yu et al., 2007). The performance improvement of VCR cycle
through LVHE is also a suggested technique of subcooling. Arora et al. (2007, 2016)
have explored an actual vapour compression refrigeration system for its energy, exergy
and parametric analysis. They have examined the refrigerants R22, R407C and R410A.
They have also performed the exergy analysis of various component of actual VCR
cycle. They concluded that the exergetic efficiency and COP are more for refrigerants
R22 than that of R407C and R410A. For minimum exergy destruction, the optimum
evaporator temperature has been explored for various condenser temperatue. The
efficient and eco-sustainable refrigeration systems are in current demand. The
developing countries like India have hunger demand of electricity especially in summer
season due to increasing refrigeration and air-conditioning load. In order to fulfil the
need of high grade energy during peak load, efficient refrigeration systems are required.
The price of high grade energy is also growing continuously. The protection of
environment from high GWP HFCs which are used in refrigeration and air-conditioning
systems is a current issue. A large number of researchers have been explored the
mechanical subcooling techniques viz. liquid vapour internal heat exchanger between
evaporator and compressor, dedicated mechanical subcooling and integrated
mechanical subcooling etc. Thornton et al. (1992) have developed design strategies for
dedicated mechanical subcooling cycles. A small vapour compression refrigeration
cycle was utilized to subcool the main refrigeration cycle. They predicted that the
optimum subcooling temperature was strongly dependent on the sink and refrigerated
space temperatures and weakly dependent on the subcooler heat exchange parameters.
Qureshi and Zubair (2012, 2013), Qureshi et al. (2013) observed the effect of
refrigerant combination on the performance of dedicated mechanically subcool vapour
compression refrigeration cycle. They also reviewed the future aspects of mechanical
subcooling in vapour compression refrigeration cycle. They analysed that the load
carrying capacity of the evaporator increased by approximately 0.5kW when R22 was
subcooled in the main cycle by 5-8°C. They noted that using the subcooling, the
second-law efficiency of the cycle increased by an average 21% and this percentage
increase is direcltly proportional to the ambient temperature. Zubair (1990, 1994) and
Zubair et al. (1996) have performed thermodynamic analysis of an integrated and a

dedicated mechanical subcooling system. The results of these analysis show that the



performance of the system improves for the larger difference in condenser and
evaporator temperature.

In the current scenario, the energy, exergy, economy, environment and safety
strategies are the major issues which are being considered to evaluate refrigeration
cycles both high as well as low evaporator temperatures. The low temperatures for
cryogenics approaching 0 K, airconditioning around 0°C, industrial refrigeration are -35
to -50°C and its applications such as freeze drying, pharmaceuticals, chemical and
petroleum industry use cascade refrigeration cycles (ASHRAE_R02_39SI.pdf). Tassou
et al. (2010) suggested to slowdown the growth and microbiological, physical and
chemical activities that spoil or rancid the food, refrigeration is necessary. The food is
frozen between -18 to -35°C. Generally, mechanical refrigeration technologies are
invariably employed in these processes which either contribute electricity consumption
and environmental impact or low performance. These processes include vapour
compression refrigeration, half, single, double and triple effect vapour absorption
refrigeration. Although the performance of vapour compression refrigeration cycle
supersedes the others yet its electricity consumption is higher. The vapour absorption
refrigeration (VAR) cycles which utilize either waste heat or renewable source of
energy prove more significant electrical energy saving technologies. In order to utilize
the heat available at low temperature half effect vapour absorption refrigeration cycle
has been explored by some researchers. Kaushik and Arora (2009), Arora et al. (2016)
have analyzed half, single and double effect series and parallel flow vapour absorption
cycles. They reported that the generator temperature and COP for half, single and
double effect series flow refrigeration cycles were (65°C, 0.41), (87.8°C, 0.7609) and
(140.6°C, 1.26) respectively. They deduced that the COP of double effect system was
about twice that of single effect. The use of waste heat and renewable source of energy
in absorption cycle not only enhances the performance of the cascade system but also a
cost saving scheme. Han et al. (2013) have suggested an absorption-compression hybrid
refrigerator powered by waste heat. They declared that the system COP was 41.9%
higher than that of a simple NHz absorption refrigerator and have confirmed
performance improvement by exergy analysis.

From the fundamental thermodynamic point of view, the reason for low thermal
efficiency of simple gas turbine are high back work ratio (more amount of turbine work
is utilized to compress the inlet air though compressor) and substantial amount of

available energy loss due to high temperature exhaust (often above 500°C) caused by
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rotation of shaft of turbine at a high back pressure relatively. This waste heat recovery
from the gas turbine exhaust can be utilized to improve generation efficiency through
some alterations to conventional cycle such as chemical recuperation, inlet air cooling,
gas to gas recuperation steam injection, and combined cycle etc. The combined power
cycle is rated as one of the most innovative and efficient technique to extract the high
grade energy from the exhaust gases for enhancing the efficiency and capacity of the
power generation plant among from the present well established techniques. However,
the combined cycle technology is unsuitable for daily on-off operation pattern units due
to low mobility (start-up time). The fossil fuel consumption is increasing world-wide
due to demand of high grade energy. The fossil fuels viz. coal, crude oil and natural gas
have been used to produce high grade energy i.e. electricity. The waste heat of
electricity generation power plants can be utilized either to increase the efficiency of
existing power plants and to run a separate power generation plant of lower capacity or
to produce the refrigeration. The combination of power generation and production of
refrigeration along production of steam or hot water can also be carried out using the
waste heat of a power plant. The utilization of waste heat in the exhaust gases of power

plant not only conserves the fossil fuels, it also reduces the environmental pollution.

1.2 OBJECTIVES AND SCOPE OF THE THESIS
The specific objectives of the present thesis are as follows:
e Reduction in fossil fuel consumption used in various thermal systems.
e Waste heat recovery of various thermal power plants.
e Energy efficient thermal systems design and development through waste heat
recovery.
e Protection of environment from Global warming and Ozone Depletion.

e Replacement of HFOs (R1234yf and R1234ze) to HFCs (R134a) to reduce
GWP and ODP.

1.3 ORGANIZATION OF THE THESIS

The thesis consists of seven chapters which are summarized below:



CHAPTER 1: INTRODUCTION

This chapter represents the background of the vapour compression refrigeration
and vapour absorption refrigeration systems. The energy, exergy and environmental
issues of conventional vapour compression and absorption refrigeration cycles have
been discussed. A novel approach of analysing the refrigeration system has been
discussed. The cascading of vapour compression refrigeration cycle and compression
absorption vapour refrigeration cycles has been discussed. The alternate refrigerants of
HFCs have been proposed and their performance for liquid vapour heat exchanger
associated VCR cycle, dedicated mechanically subcooled VCR cycle and an
experimental VCR cycle has been discussed in detail. The energy and exergy
performance improvement of a tri-generation (power, heat and refrigeration) system
have also been highlighted. Further the objectives of the thesis along with the

organization of the thesis in chapters have also been represented in the chapter.

CHAPTER 2: LITERATURE REVIEW

This chapter includes the complete literature survey up to current date on
vapour compression and absorption refrigeration systems, subcooling techniques of
VCR system, Alternate refrigerants to HFCs, cascade and non-cascade VCR and
absorption compression refrigeration systems. Absorption compression combined and
integrated systems and their configurations. Gas power plants, cogeneration, tri-
generation plants and retrofitted techniques used in the gas power plant. The research

gap has been identified for the investigation of present work.

CHAPTER 3: THERMODYNAMIC PERFORMANCE (ENERGY AND
EXERGY) ANALYSIS OF MECHANICALLY SUBCOOLED VCR SYSTEM
USING ALTERNATIVE REFRIGERANTS R1234yf AND R1234ze AS
REPLACEMENTS OF R134a

The energy and exergy analysis of a simple VCR cycle incorporated to a liquid
vapour heat exchanger (LVHE) has been performed using low GWP and zero ODP
refrigerants R1234yf and R1234ze for the replacement of HFC-R134a. The effect of
degree of sub-cooling (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. It is
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observed that 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.

CHAPTER 4: THERMODYNAMIC PERFORMANCE ANALYSIS OF
DEDICATED MECHANICALLY SUB-COOLED VAPOUR COMPRESSION
REFRIGERTION SYSTEM

Thermodynamic performance analysis of dedicated mechanically sub-cooled
vapour compression refrigeration cycle using refrigerants R1234ze, R1234yf and
R134a has been done. The effect of varation of degree of subcooling (5-30°C),
evaporator temperature (-20 to 10°C) and condenser temperature (30-50°C) has been
investigated for energetic and exergetic performance of the system. It has been
observed that the COP and exergetic efficiency of dedicated subcooled VCR cycle are
better than that of simple VCR cycle. Refrigerant R1234ze performs better than
R1234yf and comparable to R134a

CHAPTER 5: PERFORMANCE ANALYSIS (ENERGY AND EXERGY) OF
EXPERIMENTAL VAPOUR COMPRESSION REFRIGERATION CYCLE

The energy and exergy analysis of an experimental vapour compression cycle
has been carried out using R134a, R1234yf and R1234ze. The drop in replacement has
been done for R1234yf and R1234ze.The theoretical and experimental VCR cycles
have been compared. The performance parameters viz. COP, exergetic efficiency,
exergy destruction rate and exergy destruction ratio have been computed. The effect of
pressure ratio, evaporator temperature and condenser temperature has been observed.

It has been observed that the COP and exergetic efficiency of the theoretical and
experimental VCR cycle decrease with increase in pressure ratio and condenser
temperature. On the other hand, the COP increases and exergetic efficiency decreases
with increase in evaporator temperature. It has also been observed that performance of
R1234ze is better than that of R1234yf.

CHAPTER 6: ENERGY AND EXERGY ANALYSIS OF VAPOUR
COMPRESSION-ABSORPTION (H20-LiBr) CASCADE REFRIGERATION
SYSTEM



An absorption-compression (series flow triple effect H>O-LiBr) cascade
refrigeration system (ACCRS) has been analysed for low cooling applications. It
comprises of a triple effect H>O-LiBr series flow vapour absorption refrigeration cycle
associated to simple vapour compression refrigeration (VCR) cycle using R1234yf
refrigerant. Energetic and exergetic analysis have been performed for the parametric
investigation of the system. The analysis determines the effect of generator temperature
(175-200°C), absorber temperature (25-40°C) and evaporator temperature (-50 to -
10°C) on the energetic (COP) and exergetic (exergetic- efficiency, exergy destruction
rate and exergy destruction ratio (EDR)) performance of the system. It has been
observed that the electricity savings of triple effect cascade vapor refrigeration cycle
are 45.84% than that of conventional VCR cycle. The COP and exergetic-efficiency of
VCR circuit in the cascade system boost up by 85.26% and 85.28% respectively

An absorption-compression (series flow double effect H,O-LiBr) cascade
refrigeration system (ACCRS) has been analyzed for low cooling applications. It
comprises of a double effect HO-LiBr series flow vapor absorption refrigeration cycle
cascaded to a vapor compression refrigeration (VCR) cycle using R1234yf and
R1234ze as refrigerants. Energy and exergy performance analysis have been carried out
by Colorado and Rivera (2015). It has been observed that the double effect cascade
vapor refrigeration cycle consumes less electricity than that of conventional VCR cycle
as well as the COP and exergetic efficiency of VCR circuit in the cascade cycle are
higher than that of simple VCR cycle.

Exergy and energy analysis of single effect H,O-LiBr VAR cycle cascaded to a
simple VCR cycle (R1234ze and R1234yf) has been carried out. In which, energy
performance (COP) and exergy performance (exergy efficiency), total exergy
destruction rate and exergy destruction ratio (EDR) have been investigated with the
variation in effectiveness of solution heat exchanger (0-1) and evaporator temperature
of VCR cycle (-25°C to -5°C). It has been observed that the cascading of absorption and
compression vapour refrigeration cycles improves the thermodynamic performance for
the low temperature production as well as reduces the consumption of high grade
energy i.e. electricity. Refrigerant R1234ze performs better than that of R1234yf.

An absorption-compression (half effect H,O-LiBr) cascade refrigeration system
(ACCRS) has been analyzed for high grade energy savings. It comprises of a half effect
water lithium bromide vapor absorption refrigeration (VAR) cycle and an R1234yf

vapor compression refrigeration (VCR) cycle. The energy and exergy investigation
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have been carried out for COP, exegetic efficiency, exergy destruction rate and exergy
destruction ratio. The effect of generator temperature, absorber temperature and
evaporator temperature has been observed on performance parameters. The COP and
exergetic efficiency of VCR circuit of cascade cycle are about twice and 2.19 times
respectively than that of simple VCR cycle. The cascade cycle saves the high grade

energy than that of simple VCR cycle.

CHAPTER 7: THEROMODYNAMIC PERFORMANCE ANALYSIS OF
TRIGENERATION SYSTEM (POWER, HEAT AND REFRIGERATION) FOR
PERFORMANCE IMPROVEMENT USING RETROFITTED TECHNIQUES
AND ALTERNATE REFRIGERANTS

Thermodynamic analysis of vapor absorption (single effect H.O- LiBr)-
compression (R1234yf) cascade refrigeration system energized by a gas turbine (micro)
has been carried out. In which vapor compression refrigeration cycle using R1234yf
and a single effect H.O- LiBr vapour absorption refrigeration cycle coupled to each
other through cascade heat exchanger. The cascade cycle is energized by a gas turbine
(micro). The high grade energy (electrical energy) generated by the gas turbine (micro)
is used to run the compressor of vapour compression refrigeration cycle. The generator
of vapour absorption refrigeration cycle receives heat energy from the waste heat of
flue gases of gas turbine (micro). The evaporator of VCR system produces lower
temperature as compared to VAR system. The cascade refrigeration system performs
better energy efficient than that of conventional VCR system.

Thermodynamic analysis of a tri-generation system (power, heat and
refrigeration) for performance improvement using retrofitted techniques and alternative
refrigerants (R1234yf and R1234ze) has been carried out. The system comprises a gas
turbine cycle, a steam turbine cycle, heat recovery steam generator (HRSG) and a
cascade refrigeration cycle. The retrofitted techniques viz. steam injection to gas
turbine (STIG) and evaporative cooing (EVC) and have been considered to enhance the
performance of gas turbine cycle. Various performance parameters viz. thermal
efficiency, generation efficiency, overall cycle efficiency and exergetic efficiency have
been computed and the effect of ambient temperature and relative humidity have been
analysed on performance parameters. It has been observed that the retrofitted
techniques improve the power output and generation efficiency of the gas turbine cycle.



The waste heat recovered from the exhaust gases has been utilized to improve

performance of gas turbine as well as in heat and refrigeration production.

CHAPTER 8: OVERALL CONCLUSIONS AND RECOMMENDATIONS

In this chapter, overall conclusions of the present work are presented. The
appropriate recommendations and suggestions for the further work are proposed in the
chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter illustrate the comprehensive literature survey gathered from
esteemed database sources. It comprises of simple vapour compression refrigeration
systems and investigation of alternate refrigerants in mechanically subcooled VCR
systems, vapour absorption refrigeration systems, compression-absorption
combined/integrated or cascade systems and combined power, heat and refrigeration

systems.

2.2 VAPOUR COMPRESSION REFRIGERATION (VCR) SYSTEMS AND
ALTERNATE REFRIGERANTS

Arora et al. (2007, 2016) have investigated vapour absorption and vapour
compression refrigeration systems for performance improvement using liquid vapour
heat exchanger subcooling techniques energetically and exergetically. They observed
that subcooling of vapour compression refrigeration cycle enhances the COP and
exergetic efficiency of the cycle. They have also analysed half effect water lithium
bromide, double effect parallel flow vapour absorption refrigeration system on the basis
of energy and exergy.

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, 1995). 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. (1996) carried out first and 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. (2015) 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.
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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 is 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. (2013). She et
al. (2014) 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. (2014, 2015) reviewed the recent
developments in commercial refrigeration and focused on system modifications
dedicated subcooling/implementation of ejectors, tri-generation technologies (electrical,
heating and cooling demand) and better evaporation conditions control. It was reported
that the hydrocarbon, HFO and CO> were HFC replacements. Additionally, analysed
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. (2013) 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 is 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. (2016,
2017) carried out energy and exergy analysis of absorption-compression cascade and
waste heat driven triple effect refrigeration cycles. Topal et al. (2017) presented case
studies of poultry industry and power plant in turkey based on application of tri-
generation and exergy analysis of plant. Taner (2015); Taner and Sivrioglu (2015,
2017) have 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 and Minetto, 2010; CEATI, 2010) presented the
energy efficient and cost saving configurations of small, medium and large sized

refrigeration and air-conditioning systems.
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A number of studies have been carried out using R1234yf and R1234ze. In the
notable studies, Yataganbaba et al. (2015) 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.
(2016) 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 is predicted that the
performance of R1234yf is similar to R134a while R1234ze (E) requires minor changes
in the system design. Zheng and Zhao (2015) 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 (2015) 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. (2016) examined the
safety, efficiency, volumetric capacity and total environmental warming impact for a
marine refrigeration system using low GWP refrigerants ammonia (NH3), carbon
dioxide (CO2), and the HFOs R1234yf and R1234ze (E) and predicted that the Low-
GWHP 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. (2017) 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.
(2015) analysed R1234yf and R1234ze (E) as drop-in replacement for R134a in a small
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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.
(2017) 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. Kalla et al. (2018) reviewed vapour
compression refrigeration system for alternative refrigerants and investigated the
performance of R22 and its substitutes in air-conditioners. Esen et al. (2006, 2007)
performed techno-economic appraisal of a ground source heat pump system for a
heating season in eastern Turkey and energy and exergy analysis of a ground coupled
heat pump system with two horizontal ground heat exchangers. Poachaiyapoom et al.
investigated a miniature vapour compression refrigeration system for electronic cooling
using R134a. The speed of compressor considered between 3000 and 6000RPM. They
predicted that the highest value of COP observed 9.069 at 3000RPM and 200W. They
added that the proposed system was not suitable for electronic cooling at heating power
of 100W and 150W.

2.3 VAPOUR ABSORPTION REFRIGERATION (VAR) SYSTEMS
2.3.1 Triple effect, Double effect, Single effect and Half effect VAR Systems

Some research studies are available in the literature on the triple effect vapour
absorption cycle i.e. Arora et. al. (2015) utilized the waste heat of 1.C. engine exhaust
available in the temperature range of 350-400°C in the triple effect series flow water-
lithium bromide vapour absorption system. The COP of triple effect system was higher
than the double effect vapour absorption system. Similarly, Alvarez et al. (2015)
analysed a alkali-titrate tiple-effect (single effect lithium, potassium, sodium nitrate
cycle coupled to a double effect H>O/LiBr cycle) absorption cycle for high temperature

heat source. The alkitrate triple effect cycle was feasible efficient with slight higher
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COP than HO/LiBr triple effect cycle at generator temperature over 180°C. The
comparison of half effect to triple effect absorption refrigeration system has been
carried out by Maryami and Dehghan (2017). Azhar and Siddiqui (2019) analysed H2O-
LiBr single to triple effect cycle. They concluded that the COP of the triple effect cycle
was 132% higher than the single effect. They added that the triple effect series flow
VAR cycle was performing best among all. However, it required input heat energy at
the higher temperature range 175 to 200°C.

Kaushik and Arora (2009), Arora at al. (2007, 2016) analysed half, single,
double effect series and parallel flow vapour absorption cycles. They reported that the
generator temperature and COP for half, single and double effect series flow
refrigeration cycles were (65°C, 0.41), (87.8°C, 0.7609) and (140.6°C, 1.26)
respectively. They deduced that the COP of double effect system was about twice that
of single effect. Gomri and Hakimi (2008) carried out the exergy analysis of double
effect H20-LiBr vapour absorption refrigeration system. Kim and Ferreira (2008) have
performed the first law analysis of double and single effect VAR systems. Bellos et al.
(2016) performed Engineering Equation Solver (EES) based steady state analysis of
water-lithium bromide single effect 100kW solar driven absorption chiller.

Berhane et al. (2010) carried out exergy analysis of multi-effect water-LiBr
absorption refrigeration systems from half to triple effect. They predicted that the COP
increased significantly from double effect to triple effect cycles. Maryami and Dehghan
(2017) studied an exergy based comparison between LiBr/water absorption
refrigeration systems from half effect to triple effect. They investigated the effect of
various operating parameters on COP, exergetic efficiency, thermal load of the system
components and total change in the energy of the system along with the energy and
exergy analysis of system components. They depicted that the COP and exergtic
efficiency increased from half to single, double and triple effect. However total exergy

change decreased slightly.

2.4 CASCADE REFRIGERATION SYSTEMS
2.4.1 VCR Cascade Refrigeration Systems

Generally, the vapour compression refrigeration cycle and its configurations viz.
double stage, triple stage or multistage cascade are employed for the production of
lower evaporation temperature with very high cooling capacity. Messineo (2012)

analysed a two stage cascade refrigeration system using carbon dioxide (CO2) in low
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temperature section and ammonia (NHz) in high temperature section. He reported that
CO.-NH3 cascade refrigeration system was an interesting alternative to R404A for low
evaporation temperatures (-30 to -50°C). Mosaffa et al. (2016) investigated two stages
CO2-NHz cascade refrigeration system for exergeconomic and environmental view of
analysis. Mafi et al. (2009) have performed exergy analysis of multistage cascade low
temperature cascade refrigeration system. They reported that the exergetic efficiency of

the system was 30.88%.

2.4.2 Absorption-Compression Cascade Refrigeration Systems

A large number of studies are available in the literature on compression-
absorption (combined) or cascade refrigeration cycles. The considered studies
(Shahhosseini et al., 2016; Colorado and Rivera, 2015; Cimsit and Ozturk, 2012;
Garimella et al., 2011; Wang et al., 2012; Ayala et al., 1997; Kairouani and Nehdi,
2006; Jain, 2013; Pratihar, 2010; Sun and Guo, 2006; Chinnappa et al., 1993; Dixit et
al., 2017) fall under two categories viz. single stage and double stage cycle. The first
configuration is the combination of single effect VAR cycle coupled to a VCR cycle
and the second configuration comprises of a double effect VAR cycle coupled to a
VCR cycle. It has been observed that the double effect VAR performs better than the
single effect VAR. Colorado and Rivera (2015) compared single stage and double stage
compression-absorption system. They reported that the COP of compression-absorption
double stage (CADS) could be 50% higher than the compression-absorption singles
stage (CASS) system. Thus the cascading of double effect VAR to VCR could be a
right strategy for energy as well as exergetic performance improvement.

The use of waste heat and renewable source of energy in absorption cycle not
only enhances the performance of the cascade system but also a cost saving scheme.
Han et al. (2013) have proposed a hybrid absorption-compression refrigerator powered
by waste heat. They declared that the system COP was 41.9% higher than that of a
simple NHz absorption refrigerator and have confirmed performance improvement by
exergy analysis.

Thus, the COP of compression-absorption combined cycle was higher than
VCR or vapour absorption refrigeration (VAR) cycle. Ayala et al. (1997) explored
ammonium/lithium nitrate absorption/compression refrigeration cycle. Kairouani and
Nehdi (2006) carried out cooling performance and energy saving of a compression-

absorption refrigeration system assisted by geothermal energy. Jain et al. (2018)
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analysed a novel configuration of wvapour compression-absorption integrated
refrigeration system (VCAIRS). They reported that the electrical energy consumption
in VCAIRS was 21.4% more as compared to VCACRS. However it was 63% lower
than equivalent VCRS. They further investigated the VCAIRS on the basis of
coefficient of structural bonds (CBS) and advanced exergy analysis methods. The
researchers (Colorado and Rivera, 2015; Cimsit and Ozturk, 2012; Garimella et al.,
2011; Wang et al., 2012) investigated that the electricity consumption in the cascade
refrigeration cycle was lower than that of conventional vapour compression

refrigeration cycle.

2.5 POWER, HEAT AND REFRIGERATION COMBINED TRIGENERATION
SYSTEMS

Pilavachi (2002) introduced mini and micro gas turbines for combined heat and
power. He emphasized number of advantages and potentials of mini and micro gas
turbines compared to other technologies. He predicted about the uncertainty about their
market potential but they could be used for power generation in the industrial,
commercial and residential sectors. Wang et al. (2007) have studied economic
feasibility of waste heat to power-conversion. The simple cycle gas-turbine generation
system usually has a low generation-efficiency with high back-work ratio and high
exhaust-temperature especially when the ambient weather is hot. Among many
technologies to improve the efficiency of a simple cycle gas turbine, inlet air cooling
and steam re-injection are considered the best way to modify an existing simple cycle
unit without major destruction to its original integrity. To evaluate the individual effects
after system modifications, a computer code for the simulation of the power-generation
system was developed and validated in this study. They concluded that the system with
steam re-injection feature has the highest generation efficiency and thus the most
potential profit on investment, while the system with both inlet air-cooling and steam
re-injection features can generate the highest power-output and release the least exergy
via the flue gases. Bruno et al. (2005) analysed various integrated configurations of
several types of commercially available absorption cooling chillers and micro-gas
turbine cogeneration systems driven by biogas. Micro-gas turbines are fuelled with
biogas and their waste heat is used to drive absorption chillers and other thermal energy
users. They conducted a case study for the existing sewage treatment plant. They have

investigated tri-generation system that uses biogas and micro gas turbine. They
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predicted that the tri-generation plant used all available biogas may replace the existing
conventional plant. Tsatsaronis (2006) presented application of thermoeconomics to
the design and synthesis of energy plants. He presented thermo-economics, as an
exergy-aided cost-reduction method, provides important information for the design of
cost-effective energy-conversion plants. The exergy costing principle is used to assign
monetary values to all material and energy streams within a plant as well as to the
exergy destruction within each plant component. The design evaluation and
optimization is based on the trade-offs between exergy destruction (exergetic
efficiency) and investment cost for the most important plant components. He concluded
that exergoeconomic approaches apply the principle of exergy costing to enable the
objective costing of energy carries and to provide effective assistance in the decision
making process and the optimization or improvement of energy-intensive plants. In
addition, exergoeconomics demonstrates that the exergy destruction plays a positive
role in the design of energy-conversion plants by helping engineers to keep the
investment costs associated with the plant components at a acceptable level. Misra et al.
(2003) analysed thermo-economic optimization of a single effect water/LiBr vapour
absorption refrigeration system. The thermo-economic theory is applied to the
economic optimization of a single effect water/LiBr vapour absorption refrigeration
system for air-conditioning application, aimed at minimizing its overall operation and
amortization cost. A simplified cost minimization methodology is applied to evaluate
the economic costs of all internal flows and products of the system by formulating
exergoeconomic cost equations. Once these costs are determined, the system is
thermodynamically evaluated to identify the effects of design variables on costs and
enables to suggest values of design variables that would make the overall system cost
effective. They concluded that the thermo-economic analysis of a system is able to
provide suggestions about potential cost-effective improvements achievable by means
of changes in the structure of the system, which is not possible through the
mathematical or numerical techniques. Bilgen (2000) presented exergetic and
engineering analysis as well as a simulation of gas turbine based cogeneration plants
consisting of a gas turbine, heat recovery steam generator and steam turbine. The
exergy analysis is based on the first law and second laws of thermodynamics. The
engineering analysis is based on both the methodology of levelized cost and pay-back
period. He observed that by changing various relevant parameters, parametric studies

can be carried out to determine thermodynamic and engineering parameters as well as
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suitable operational conditions. Khaliq (2008) performed the exergy analysis of gas
turbine trigeneration system for combined production of power heat and refrigeration.
In this paper, a conceptual trigeneration system is proposed based on the conventional
gas turbine cycle for the high temperature heat addition while adopting the heat
recovery steam generator for process heat and vapour absorption refrigeration for cold
production. Combined first and second law approach is applied and computational
analysis is performed to investigate the effects of overall pressure ratio, turbine inlet
temperature, pressure drop in combustor and heat recovery steam generator, and
evaporator temperature on the exergy destruction in each component, first law
efficiency, electrical to thermal energy ratio, and second law efficiency of the system.
Khalig & Kumar (2008) analysed the thermodynamic performance assessment of gas
turbine trigeneration system for combined heat, cold and power production. The
thermodynamic performance of the combustion gas turbine tri-generation system has
been studied based on first law as well as second law analysis. The effects of overall
pressure ratio and process heat pressure fuel utilization efficiency, electrical to thermal
energy ratio, second law efficiency, and exergy destruction in each component are
examined. Results for gas turbine cycle, cogeneration cycle, and tri-generation cycle
are compared. They concluded that performance evaluation of the tri-generation system
based on first law analysis alone is not adequate and hence more meaningful evaluation
must include second law analysis. Bastos et al. (2005) worked out the simulation of
cogeneration system. A dynamic model of mid-capacity system is developed, including
gas turbine and HRSG.The simulation for different demands cases are performed. In
this work solution to how a cogeneration system can be controlled to satisfy transient
power, heating and cooling demands. Temporal simulation of the cogeneration system
shows that it’s possible to meet all the demand with conventional equipments and
controls. Minciuc et al. (2003) presented thermodynamic analysis of tri-generation with
absorption chilling machine. They focused on solutions of tri-generation plants based
on gas turbine or internal combustion engine with absorption chilling machine. There
have been established the limits for the best exergetic performance of tri-generation.
The dependence of different technical criteria on each other has also been analyzed.
They concluded that the present method can be used for analyzing and sizing a tri-
generation plant and choosing the equipment. Sinha and Bansode (2010) studied a
thermodynamic analysis for gas turbine power optimization by fog cooling system. Gas

turbine output is a strong function of the ambient air temperature with power output
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dropping by 0.5% to 0.9% for every 1°C rise in ambient temperature (0.3%-0.5% for
every 1°F). One way to counter this drop in output is to cool the inlet air. An approach
becoming increasingly popular is that of the high pressure inlet fogging. Unlike
conventional media type evaporative cooling, fogging, can achieve 100% saturation of
the air so that air can be cooled up to the wet bulb temperature. A thermodynamic
analysis has been carried out for evaluating the gains from increased power and reduced
heat rate of a gas turbine that results from pre cooling the turbine inlet air by inlet
evaporative cooling and fogging. They concluded that performance parameters
indicative of inlet fogging effects have a definite correlation with the climate condition
(humidity and temperature). They predicted improvement in turbine power and heat
rate with inlet fogging. Bouam et al. (2008) studied combustion chamber steam
injection for gas turbine performance improvement during high ambient temperature
operations. Their work is to improve the principal characteristics of gas turbine used
under hard condition of temperature in Algerian Sahara by injecting steam in the
combustion chamber. The suggested method has been studied and compared to a simple
cycle efficiency, however is held constant when the ambient temperature increases
from 1SO conditions to 50°C. The comparison predicted to test data is in good
agreement. Srinivas et al. (2007) worked out on sensitivity analysis of STIG based
combined cycle with dual pressure HRSG. Thermodynamic evaluation has been carried
out for a combined cycle with Steam Injected Gas Turbine (STIG) having dual pressure
heat recovery steam generator (HRSG). Steam from high-pressure steam turbine is
injected into the combustion chamber at a pressure higher than the combustion pressure
to improve the exergy efficiency of combined cycle. The effect of steam injection mass
ratio, de-aerators pressure (or temperature ratio), steam reheat pressure ratio, HP steam
turbine pressure, compressor ratio and combustion temperature on combined cycle
exergy efficiency has been investigated. They concluded that steam injection decreases
combustion chamber and gas re-heater exergetic loss from 38.5 to 37.4% compared to
the case without steam injection in the combustion chamber. Nishida et al. (2005)
analyzed the performance characteristics of two types of regenerative steam-injection
gas-turbine (RSTIG) systems. These are compared with the performances of the simple,
regenerative, water injected and steam injected gas-turbine (STIG) cycles. They
concluded that the thermal efficiencies of the RSTIG systems are higher than those of
regenerative, water injected and STIG systems and the specific power is larger than that

of regenerative cycle. The optimum pressure-ratio for maximum efficiency of the
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RSTIG systems is relatively low. The RSTIG system can be applied to the flexible
heat-and-power generation system. The total efficiency of the electric power generation

reaches more than 70% (HHV) when the heat output is maximized.

2.6 CONCLUSIONS OF LITERATURE REVIEW

A vast variety of research work has been done by the researchers in the field of
refrigeration and tri-generation which includes VCR systems, subcooling techniques,
VAR systems, VCR cascade systems, vapour compression-absorption
combined/cascade refrigeration systems and the coupling of cascade system to the
power generation plant. The main conclusions are highlighted below:

e The performance of simple VCR cycle has been investigated using different
refrigerants.

e VCR cycle has been investigated for performance improvement using sub-
cooling techniques i.e. wire-on-tube condenser, heat exchanger as a sub-cooler,
expansion power recovery through an expander, integrated vapour compression
refrigeration cycle, multistate compression, ejector and internal heat exchanger
etc.

e VAR cycle has been investigated with its half, single, double and triple effect
versions for waste heat recovery.

e VCR-VAR (single and double effect H.O-LiBr) cascade cycle has been
investigated for performance improvement.

e Performance of co-generation and tri-generation cycles has been explored using

performance improvement techniques.

2.7 RESEARCH GAPS
The following research gaps have been identified from the vast literate review.

e A simple vapour compression refrigeration (VCR) system has investigated
scantly on an experimental setup to investigate energy-exergy performance using
alternate refrigerants R1234yf and R1234ze.

e The energy and exergy performance analysis of liquid vapour heat exchanger
(LVHE) incorporated VCR system has not been explored using alternative
refrigerants viz. HFOs: R1234yf and R1234ze.
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e A dedicated mechanically sub-cooled VCR cycle has been scantly investigated

for performance improvement using R1234yf and R1234ze.

The energy and exergy performance of vapour absorption refrigeration (VAR)
(half, single, double and triple effect series flow and parallel flow)-VCR
(R1234yf and R1234ze) cascade cycles has not been investigated.

A tri-generation (power, heat and refrigeration) cycle comprises gas turbine,
steam turbine, heat recovery steam generator and VAR-VCR cascade
refrigeration cycle has been scantl analysed for its performance improvement
using retrofitted techniques viz. inlet air cooling (IAC) and steam injection to gas
turbine (STIG).

2.8 OBJECTIVES OF THE PROPOSED RESEARCH WORK

With the reference to the literature survey constituted from the different

established database sources. The main objectives of the present research are pointed

below:

To compare R134a, R1234yf and R1234ze on the basis of COP and exergy
efficiency for experimental vapor compression refrigeration unit to explore
alternative refrigerants.

To explore the performance of alternate refrigerants viz. hydrofluoroolefins
(HFOs) R1234yf and R1234ze for the replacement of hydrofluorocarbons (HFCs)
viz. R134a in conventional and modified refrigeration cycles.

To investigate cascading of vapour compression system with single, double and
triple -effect absorption system using R1234yf to find better performance.

To examine the performance improvement of tri-generation system coupled with
half, single, double and triple effect vapour absorption system and vapour
compression refrigeration system (R1234yf and R1234ze) using retrofitting
techniques.

To investigate performance analysis for various performance parameters of a tri-

generation system (power, heat and refrigeration) using R1234yf.

22



CHAPTER 3

THERMODYNAMIC PERFORMANCE (ENERGY AND EXERGY)
ANALYSIS OF MECHANICALLY SUBCOOLED VCR SYSTEM
USING ALTERNATIVE REFRIGERANTS R1234yf AND R1234ze
AS REPLACEMENTS OF R134a

3.1 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, conserve 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, 2014) and some other include air-dryers, beverage dispenser, vending
machines, refrigerators and chillers for supermarkets & commercial buildings are using
R1234ze (Honeywell, 2015). Moreover, the European Union has approved a regulation
(Regulation (EU) No 517/2014). According to that, the fluorinated gases having global
warming potential (GWP) more than 150 can’t be used in freezers and domestic
refrigerators w.e.f.1% Jan, 2015. The same regulation has been implemented for modern
types of mobile air-conditioning systems from January 1, 2017. Therefore the low
GWP and zero ODP alternative refrigerants R1234yf and R1234ze (Tablel.1) may be
proposed to investigate as replacements of R134a. However, the thermodynamic and
exergetic performance of alternative refrigerants should match with the existing
refrigerants. Additionally, a refrigeration system with simple modifications consumes
lesser energy and having lower running cost. Although, the modified simple VCR
systems have been investigated earlier using conventional refrigerants, may be
investigated for alternative refrigerants.

The objective of current work is to investigate the performance of alternate
refrigerants in a modified simple VCR system. The energy and exergy analysis of a
simple VCR system having a liquid vapour heat exchanger (LVHE) has been carried
out using low GWP and zero ODP refrigerants R1234yf and R1234ze for the
replacement of HFC-R134a. The LVHE is coupled to simple VCR system between

evaporator and condenser such that the refrigerant vapour leaving the evaporator and
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the liquid refrigerant leaving the condenser exchanges heat within it. The energy and
exergy analysis of LVHE incorporated VCR system is followed by parametric analysis
for the refrigerants R134a, R1234yf and R1234ze. The effect of operating variables viz.
degree of sub-cooling (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 of the system.

3.2 DESCRIPTION OF SYSTEM

Fig.s 3.1 and 3.2 illustrate the schematic and P-h diagrams liquid vapour heat
exchanger (LVHE) incorporated simple vapour compression cycle respectively. The
system comprises a compressor, a condenser, a throttle valve, an evaporator and a
liquid vapour heat exchanger.

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 at the exit of condenser and superheat the saturated vapour at the exit of
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 1a which is
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
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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Fig. 3.3 Pressure-enthalpy (P-h) and temperature-entropy (T-s) state diagrams of
R134a, R1234yf and R1234ze

The pressure-enthalpy and temperature-entropy diagrams of considered
refrigerants R134a, R1234yf and R1234ze have been shown in Fig. 3.3 with the
evaporator (-10°C) and condenser temperature (50°C). The evaporator pressure (200.7,
221.8 and 149.1 kPa) and condenser pressure (1319, 1302, 997.4 kPa) corresponding to

evaporator (-10°C) and condenser temperature evaporator (50°C) have been notified to
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compare the applicability of the refrigerants R134a, R1234yf and R1234ze
respectively.
3.3 MATHEMATICAL MODELLING
3.3.1 Assumptions
For the energy and exergy analysis of mechanically subcooled vapour
compression refrigeration cycle, following assumption have been considered.
e The steady state is considered for the operation of each component of the
system.
e The refrigerant entering in the compressor is dry and saturated for simple VCR
system (state pointl).
e The pressure drop in evaporator (8.), condenser (6.), LVHE , other system
ocmponents and connecting pipelines is neglected.
e Heat losses in LVHE and connected pipelines are neglected.

e The chemical, kinetic and potential exergies are neglected.

3.3.2 Energy and Exergy Analysis
3.3.2.1 Energy Analysis
The first law based work, energy and mass conservation principles are presented
in equations (3.1) and (3.2).
Y Q—XW =Xm,h, — ¥ rjh; 3.1)
Xm;—Ym, =0 3.2)
Where Q, W and r are the rate of heat, work and mass transfer crossing the
boundary of the system respectively.
The coefficient of performance (COP) of LVHE incorporated to VCR cycle is
given by the equation (3.3) to (3.5).

COP = —% (3.3)

comp

Where Q. is the net refrigeration effect produced and V'Vcomp is the actual work
of the compressor.
Q= (h; —hyy) (3.4)
Weomp=mi; (hya — hya) (3.5)
The effectiveness of liquid-vapour heat exchanger is the ratio of minimum

amount of heat transfer to the maximum amount of heat transfer.
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: :% (3.6)
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 (3.7)

m, (h3 - h3a) = m, (hla - hl) (37)

3.3.2.2 Exergy Analysis

The exergy is defined as an effective measure of the potential of substance to
impact the environment or the maximum useful work which can be extracted from a
system as it reversibly comes into equilibrium with its environment. The concept of
exergy is derived from the second law of thermodynamics and it is the degree measure
of usefulness and quality of matter in response to the environment (Bejan et al., 1996,
Arora and Kaushik, 2008).

The total exergy (E) of a system is the sum of potential exergy (Ept), Kinetic
exergy (Exn), physical exergy (Epn) and chemical exergy (Ecn) (Bejan et al., 1996).

E = (Epn)* (Exn)* (Epr)+ (Ech) (3.8)
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.,
2013; Srinivas and Deb, 1994).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., 1996):

E = m.[(h—hg) — To(s — so)] (3.9)
Where sp and hg are the entropy and enthalpy values of the refrigerant at dead state
(pressure Pg and temperature Ty).

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 2010):

Ep = Ein — Eout (3.10)
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Where Ep, is the rate of exergy destruction, E;,, and E,, are the total exergy input and
out by heat, work and mass respectively.

The steady flow process is occurring in a control volume, the exergy balance for
the system is given by (Bejan et al., 1996):

Ey=|za(1 —x) —ro(1-3) | £ W+ [Zmein - Zmeou ] (311)

out

Where Epis the rate of exergy desturction. The first bracket on the right side of
Equation (3.11) is equal to the maximum reversevible work obtained from heat transfer
Q by the Carnot engine operating between T, and To, Where Ty is the dead state
temperature which is the exergy transfer from the source maintaing constant boundary
temperature T, associated with the transfer of energy by heat Q. 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.

3.3.2.2.1 Exergy Destruction (Ep) in the Components of LVHE Incorporated
Simple VCR System
The exergy destruction and exergy efficiency in each component of the LVHE

VCR system is given by the following equations:

EVAPORATOR
. . . T . . . T
(ED)evp = Exy, + Qe (1 - ﬁ) —Ex, = - (hya — Tossa) + Qe (1 - T—Z) -
- (hy — Tosy) (3.12)
(ED)ev

Nexep = 1~ T, (3.13)

COMPRESSOR

(ED)comp = EXla + Wcomp - EXZa = rhr(h1a - Tosla) + Wcomp — rhr(hZa — TOSZa)
(3.14)

(ED)COm
Nexcomp = 1 ™ Wooms (3.15)
CONDENSER
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(ED)cond = EXZa - EX3 =t (hy, — Tos2a) — my(hg — Tps3) (3.16)

(ED)COD
T]ex,cond =T EXZa—Eng (317)
THROTTLE VALVE

(ED)thv = EX3a - Ex4a = m(hsy — ToS3a) — Mp(hsa — ToSsa) = M To(S4a — S30)

(3.18)
Ex,a
T]ex,thv = ?:a (319)
LIQUID VAPOUR HEAT EXCHANGER (LVHE)
(ED)LVHE = (Ex, — Ex,,) + (Bxy — Ex,,)
= 1"nr(hl - hla + h3 - h3a) - rhrTO (51 — S1a + S3 — S3a) (320)
_ (ED)LVHE
Nex LVHE = 7 (By +Exy)—(Bxy o tExge) (3.21)

3.3.2.2.2 Total Exergy Destruction Rate
Total exergy destruction rate of the system is the sum of destruction of exergy
in each component of the system.

The total exergy destruction rate in LVHE incorporated VCR system is given
by:
Z(ED) - (ED)evp + (ED)comp + (ED)cond + (ED)thv + (ED)LVHE (3'22)

3.3.2.2.3 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, 2010):

_ZEout _ ZED
o YE, LT En (3.23)

Where n__is the exergetic efficiency of the cycle. ¥ Eoy, X Ein and X Ep 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 VCR system is defined as the ratio of the exergy of
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evaporator heat absorbed at temperature T, from the space to be cooled to the actual

compressor work input (v'vcomp) (Arora and Kaushik, 2008).

5 (1-To
Nex = Qw(l—m)| (3.24)
N, = COP X |(1 - %) (3.25)

where Ty is the ambient or dead state temperature

3.3.2.2.4 Exergry Destruction Ratio (EDR)

The exergy destruction ratio (EDR) is the ratio of total destruction of exergy of
the system to the exergy of the products (Arora and Kaushik, 2008) which is
represented by Eq. (3.26).

The exergy balance in the evaporator of LVHE incorporated VCR system has
been depicted in Fig. 3.4. Ey,, is the exergy entering in to the evaporator and Ey,is the

exergy leaving from the evaporator.

Ex1
Ty Tmmm—_—_—_————— A
! |
! A I
| QY N — | _____ -
Ty C
I Space to bgecooled ]

Fig. 3.4 Exergy balance in evaporator and the space to be cooled (Kotas, 1995)

EDR = Rtotal _ 1 _ 4 (3.26)
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 (Ep ;,.) Or the total

exergy destruction rate within the system (E ;0¢q:) (Bejan et al., 1996).

EDR = 2 — i (3.27)

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
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(ED)evp

EDR,,, = (3.28)

ED,total

COMPRESSOR

(ED)comp

EDR onmp = (3.29)

ED,total

CONDENSER

EDR,, = "2)cona (3.30)

ED,total

THROTTLE VALVE

(ED)thV

ED,total

EDR,, = (3.31)

LIQUID VAPOUR HEAT EXCHANGER (LVHE)

EDR,, = Plvue (3.32)

ED,total

3.4 RESULT AND DISCUSSION

An EES (Klein and Alvarado, 2012) software based program has been compiled
for the model described in section 3 above, to analyse LVHE incorporated to simple
VCR system using R134a, R1234yf and R1234ze considering the principles of
thermodynamics. 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 and
Kaushik (2008). It is observed that the difference in the value of COP and exergy
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.

3.4.1 Results of Energy, Exergry and Parameteric Analysis
The performance LVHE associated vapour compression refirgeration cycle

depends on various operating variables. The selection of operating variables plays
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significant role in the exergy and energy performance analysis of LVHE associated
VCR system. The effect of significant operating variables viz. degree of subcooling,
evaporator temperature, effectiveness of LVHE and isentropic efficiency of compressor
on performance parameters viz. compressor work, COP, exergy efficiency, total exergy
destruction of the system and EDR has been evaluated. The exergy efficiency, EDR
and exergy destruction in each component of system are also examined. The energy and
exergy analysis is followed by parametric analysis of LVHE incorporated VCR system
for refrigerants considered.

3.4.1.1 EFFECT OF SUBCOOLING
The effect of degree of subcooling ((AT)sc) on degree of superheating ((AT)sw),
compressor work, COP and exergetic efficiency is shown in Fig.s 3.5to 3.7.

; : 1.65
—e—R134a (SH)

50r —m—R1234yf(SH)

451 ——R1234ze (SH) ————— 4_—_7?.%/—1'6
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(AT)sh (°C)

—»-R134a(CwW) 1'°
—¥-R1234yf (CW)
—x-R1234ze (CW)

' ' 1.45
15 20 25 30

(AT)sc (°C)
Fig. 3.5 Variation in degree of superheating (AT)sy and compressor work (Wcomp) with
degree of subcooling (AT)sc (Te = -10°C)
CW: Net compressor work in kW, SH: Superheating

Fig. 3.5 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 (3.6), the

33



degree of superheating (AT)sy 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 /Cp, 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 1.1).

Fig. 3.6 shows the variation in 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. in absence of LVHE) is 2.464, 2.255 and 2.420 for R134a,
R1234yf and R1234ze respectively.

3
291
2.8}
a 271
o
(&)
2.6}
e —e—R134a
au g -—+-R1234ze ]
-=-R1234yf
2.4 : : :
10 15 20 25 30

(AT)sc (°C)
Fig. 3.6 Variation in COP with degree of subcooling (AT)sc (Te = -10°C)

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 and R1234yf are 2.73% at 10°C and 0.69% at 30°C of subcooling. The
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difference for R1234ze and R1234yf are 3.77% at 10°C  and 2.56% at 30°C of

subcooling.
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Fig. 3.7 Effect of degree of subcooling (AT)sc in LVHE on exergetic efficiency (n, )
(Te = -10°C).

The effect of subcooling on exergy efficiency is shown in Fig. 3.7 The n__is
observed to increase with increase in degree of subcooling. For simple vapour

compression cycle without subcooling, the exergetic efficienciences are for R134a =
0.2757, R1234yf = 0.2523 and R1234ze =0.2707. The n_ is given by the formula

n,, = COP X |(1 — —0) .Since the COP increases with increase in degree of subcooling

T
Ty

whereas the term|(1 —%)

remains constant hence with increase in degree of

subcooling, the value of n__increases. Refer to Fig. 3.5, with the increase in DOS, the
compressor work increases, 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 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
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30°C of subcooling. Similarly the difference for R1234ze and R1234yf are 4.38% at
10°C and 2.58% at 30°C.

3.4.1.2 EFFECT OF TEMPERATURE OF EVAPORATOR (Te)
The effect of temperature of evaporator (T,) on various performance parameters

viz. DOS, compressor work (Wcomp), COP and exergy efficiency (n,) of
mechanically subcooled LVHE incorporated VCR system is shown in Fig.s 3.8 to 3.11.
The variation in degree of subcooling with temperature of evaporator is depicted

in Fig. 3.8. As the evaporator temperature increases, the degree of subcooling is
observed to decrease.
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Fig. 3.8 Variation in degree of subcooling (AT)sc evaporator temperature (Te)

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.

The effect of evaporator temperatrue on compressor work is shown in Fig. 3.9.
As the evaporator temeperature increases, the compressor work is observed to decrease.

The pressure ratio between evaporator and compressor and degree of subcooling
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decrease with increase in evaporator temperature (Refer Fig. 3.8) consequently

decrease in degree of superheating. Hence the compressor work decreases.
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Fig. 3.9 Temperature of evaporator Vs. (T¢) on compressor work (Wcomp)
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Fig. 3.10 COP Vs. evaporator temperature (T¢) of VCR cycle with and without LVHE
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It is observed that the compressor work is least for R1234ze.

The variation in COP with temperature of evaporator is shown in Fig. 3.10. The
COP of VCR cycle with or without LVHE increases with increase in temperature of
evaporator. With the increase in temperature of evaporator, the compressor work
decreases (refer Fig. 3.9) and the specific refrigerating effect increases. Thus the COP
of the cycle increases. It has been found that the COP of LVHE incorporated VCR
system is higher than that of simple 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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Fig. 3.11 Eexergetic efficiency (nex) VS. temperature of evaporator (T,)

The variation in exergy efficiency with temperature of evaporator is shown in

Fig. 3.11. With increase in temperature of evaporator, exergy efficiency decreases.

, the term COP

Exergy efficiency is given by formula n_ = COP X |( —;—")
b

decreases with

increases (Refer Fig. 3.10) on the other hand, the term |(1 —?)
b

increase in temperature of evaporator (i.e. (T, -Te) = 5°C). Thus the result of two is that
the exergetic efficiency decreases. It has been seen that the exergetic efficiency is least
for R134a and highest for R1234ze.
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3413 EFFECT OF LIQUID VAPOUR HEAT EXCHANGER
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Fig. 3.13 Compressor work (Wcomp) Vs. Effectiveness of LVHE (eLvie) (Te = -10°C)
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The variation in effectiveness of LVHE on various performance parameters viz.
DOS, compressor work (Wcomp), COP and exergy efficiency (n, ) of mechanically

subcooled LVHE incorporated VCR system is shown in Figs. 3.12 to 3.15.

Fig. 3.12 shows the effect of effectiveness of LVHE on degree of subcooling.
As the effectiveness of LVHE increases, the degree of subcooling of the LVHE
incorporated VCR system increases due to increasing rate of heat extraction from the
liquid refrigerant. It has been observed that R1234yf registers more increase in degree
of subcooling in comparison to R134a and R1234ze.

Fig. 3.13 shows variation in compressor work with LVHE effectiveness. The
compressor work decreases with increase in LVHE effectiveness. For the considered
operating conditions with increase in effectiveness of LVHE, the mass flow rate of the
refrigerant decreases and hence the compressor work also decreases. It has been
perceived 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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Fig. 3.14 Coefficient of performance (COP) Vs. effectiveness of LVHE (g vug) (Te = -
10°C)

Fig.3.14 shows the variation in COP with effectiveness of LVHE. The COP of

the cycle increases with icrease in values of LVHE effectiveness. Fig. 3.12 and 3.13
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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 LVHE incorporated VCR system increases. It has been seen 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 R1234ze.
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Fig. 3.15 Exergetic efficiency (nex) Vs. LVHE effectiveness (gLvne) for (Te = -10°C)

Fig. 3.15 shows the variation in exergetic efficiency with LVHE effectiveness.
The exergetic efficiency of the cycle increases with increase in effectiveness of LVHE.
Due to increase in refrigeration effect and decrease in compressor work with increase
in LVHE effectiveness (Fig. 3.13 and 3.15), the exergetic efficiency increases. It has
been noticed that the increase in exergetic efficiency is maximum for R1234yf and is

minimum for refrigerant R134a.

3.4.1.4 EFFECT OF COMPRESSOR EFFICIENCY
The variation of compressor efficiency on different performance parameter viz.

compressor work (v'vcomp), COP and exergy efficiency (n,, ) is shown in Figs. 3.16 and
3.17.
Fig. 3.16 shows the variation in COP and compressor work with isentropic

efficiency of compressor of LVHE incorporated VCR system. It has been noticed that
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the COP of the system increases with increase in compressor isentropic efficiency 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 has been peceived 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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Fig. 3.16 Coefficient of performance (COP) & compressor work (V'Vcomp) Vs.
isentropic compressor efficiency (1eomp) (Te = -10°C)

Fig. 3.17 shows the effect of compressor efficiency (isentropic) on the exergy
efficiency LVHE incorprated VCR system. The exergy efficiency of the system
increases with increase in compressor isentropic efficiency for the considred
refrigerants. As the compressor work decreases (Fig. 3.16) with increase in compressor
isentropic efficiengy, the exergetic efficiency of the LVHE incorporated VCR system
increases with increase in compressor efficiency. It has been seen that the increment in
the exergetic efficiency is maximum for refrigerant R1234ze and minimum for
refrigerant R134a.

Thus, the COP and exergy efficiency of LVHE incporporated VCR system
enhace with increase in DOS, LVHE effectiveness and compressor efficiency.
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However, the COP of the system increases and exergy efficiency decreases with
increase in temperature of evaporator. It is also noticed tha the thermodynamic
performance of R1234ze is better than that of R1234yf.
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Fi%. 3.17 Exergetic efficiency (nex) VS. isentropic compressor efficiency (Meomp) (Te = -
10°C)

3.4.15 EFFECT OF SUBCOOLING, EVAPORATOR TEMPERATURE,
EFFECTIVENESS OF LVHE AND COMPRESSOR EFFICIENCY ON TOTAL
EXERGY DESTRCTION AND EXERGY DESTRUCTION RATIO (EDR)

The effect of subcooling (AT)sc, evaporator temperature (T¢), effectiveness of

LVHE (eLvie) and compressor isentropic efficiency (ncomp) On performance parameters
viz. total exergy destruction and EDR is shown in Fig. 3.18 (a) to (d).

The value of total exergy destruction and EDR decreases with increase in
degree of subcooling (AT)sc, effectiveness of LVHE (eLvne) and isentropic efficiency
(Mcomp) OF compressor. However, the value of total exergy destruction decreases and
EDR increases with increase in temperature of evaporator. Figs. 3.7, 3.15 and 3.17,
predict that the exergetic efficiency increases with increase in degree of subcooling,

effectiveness of LVHE and isentropic efficiency of compressor. As the rate of exergy
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extracted from the system increases, consequently, the value of the total exergy

destruction and EDR decreases.
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The EDR is given by the relation EDR = % = ni — 1 in which, the value
P ex

of Eptorar decreases and the exergy in product (Ep) also decreases with increase in
temperature of evaporator. Hence, the value of EDR increases with increase in
temperature of evaporator.

It has also been noticed that the value of total exergy destruction and EDR is
minimum for R1234ze and maximum for R1234yf with increase in DOS, LVHE
effectiveness and compressor isentropic efficiency. However, the value of total exergy
destruction is minimum for R1234ze and maximum for R134a and the value of EDR is

minimum for R1234ze and maximum for R1234yf with increase in evaporator
temperature.
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Fig. 3.19 (a) Exergy destruction (Ep) in different components of LVHE incorporated
VCR system (T = -10°C)
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The variation in exergy destruction, % EDR and % exergetic efficiency (nex) iIn
different components of LVHE incorporated VCR system is illustrated in Figs. 3.19
(a)-(c) for the considered refrigerants. The value of Ep 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 value of Ep respectively. However, the

system component evaporator is the site of highest exergy recovery as the exergetic
efficiency of evaporator is observed to be highest.
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Fig. 3.19 (b) Percentage EDR in different components of LVHE incorporated VCR
system (T = -10°C)
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Fig. 3.19 (c) Percentage exergetic efficiency (ney) in different components of LVHE
incorporated VCR system (T, = -10°C)

The exergetic efficiency (ne) 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 LVHE and lower than evaporator for the considered
refrigerants. It has been noticed that the value of Ep and percentage EDR are lowest for
R134a in the evaporator and highest for R134a in the condenser. The exergetic
efficiency of evaporator is highest for R1234ze. The recovery of exergy in the throttle

valve and compressor carried out by R1234ze is higher than that of other refrigerants.
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3.4.1.6 Results of Exergy Analysis
Table 3.1 Results of exergy analysis of LVHE incorporated VCR system (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,, (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 [05081 [0.0743 |0.0624

Nex 0.9100 [0.7563 |0 06168 |0
R1234yf E;,(KW) |-2.4400 |[-0.2424 |[-15480 |[-1.9730 |-4.3490
(HFO) E,, (kW) | -2.3890 [-1.5480 |[-1.9590 |-2.4060 |-4.3980
Ep(kw) |-0.0154 [0.3335 [0.4109 [0.0729 |0.0491
EDR |-00181 [0.3919 [0.4828 [0.0857 |0.0577

Nex 09754 [0.7243 |0 09631 [0
R1234ze E;,(KW) |-2.2550 |-2.2530 |-1.3740 |-1.8040 |[-4.0010
(HFO) E,.(KW) | 22222 [-13740 |[-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 09681 [0

3.5 CONCLUSIONS

The present work compares thermodynamic performance of alternative low
GWP alternative refrigerants (R1234yf & R1234ze) to R134a in a simple VCR system
which is mechanically subcooled by a 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 DOS, evaporator temperature,
LVHE effectiveness and compressor isentropic efficiency have been observed on
compressor work, degree of superheating, COP, exergy efficiency, exergy destruction
(total) and EDR of the LVHE incorporated VCR system. The exergetic efficiency,
exerg destruction and exergy destruction ratio of components of system have also been
evaluated. The results have been compared for simple VCR system and subcooled
LVHE incorporated VCR system and are presented for three different refrigerants
R134a, R1234yf and R1234ze. The summary of main conclusions of the present

analysis is communicated below:
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e The COP of the LVHE incorporated VCR system is higher for HFO-R1234ze
than R134a and R1234yf. The COP of the system 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 difference in the COP for R134a and R1234ze is 1.04% at 10°C of
subcooling while 1.87% at 30°C of subcooling.

e The percentage difference in exergetic efficiency for R1234ze and R134a are
0.82% at 10°C and 1.88% at 30°C of subcooling.

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 destruction of exergy.

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

e The highest exergetic efficiency is obtained by the evaporator.

e 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 might be a better 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. These systems have utility in house hold

and offices.
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CHAPTER 4

THERMODYNAMIC PERFORMANCE ANALYSIS OF
DEDICATED MECHANICALLY SUB-COOLED VAPOUR
COMPRESSION REFRIGERTION SYSTEM

4.1 INTRODUCTION:

The efficient and eco-sustainable refrigeration systems are in current demand.
The developing countries like India have huge demand of electricity especially in
summer season due to increasing refrigeration and air-conditioning load. In order to
fulfil the need of high grade energy during peak load, efficient refrigeration systems are
required. The hike in price of high grade energy and the protection of environment from
high GWP HFCs which are used in refrigeration and air-conditioning systems are major
current issues. Moreover, the high GWP HFCs have to be phased out as per the
European Union (EU) regulation (Regulation (EU) No 517/2014).

Therefore, energy efficient and eco-friendly refrigeration and air-conditioning
systems are in current demand.

In the present work, thermodynamic performance analysis of dedicated
mechanically sub-cooled VCR system using R1234ze, R1234yf and R134a has been
executed. The system comprises of two VCR systems operating simultaneously and
having same refrigerant at a time. One is dedicated mechanically subcooled system
(DSC) and other is subcooler system (SC). The refrigeration effect of subcooler VCR
system is utilized to subcool the condensate of dedicated mechanically subcooled VCR
system. Thus, the subcooler VCR system is dedicated to DSC VCR system as the title
suggests. The two systems are coupled in such a way that the evaporator of one VCR
system acts as subcooler for other VCR system. In which, the liquid condensate is
subcooled.

The current work has been carried out for energy and exergy performance
analysis followed by parametric analysis. The effect of various operating variables viz.
degree of subcooling (DOS), temperature of evaporator, condenser temperature,
isentropic efficiency of compressor and subcooler effectiveness has been examined on
various performance parameter viz. total exergy destruction of the sytem, COP, EDR
and exergetic efficiency. The EDR and exergy destrction rate in each component of

system has also been computed and preseted. An EES software based program has been
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compiled to compute the results of exergy and energy analysis of dedicated

mechanically subcooled VCR system.

4.2 DESCRIPTION OF SYSTEM
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Fig. 4.1 Schematic diagram of dedicated mechanically subcooled VCR system
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Fig. 4.2 Pressure-Enthalpy diagram of dedicated mechanically subcooled VCR system
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Control volume approach has been considered for each components of the
system during the formation of steadys state governing equations.

Fig. 41 & 4.2 illustrate the schematic and P-h diagrams of dedicated
mechanically subcooled vapour compression refrigeration system respectively. It
comprises of two sections i.e. subcooled and subcooler vapour compression
refrigeration cycles. The evaporator of subcooler VCR cycle receives the heat rejected
by the condensate liquid refrigerant of subcooled VCR cycle and acts as subcooler. In
this way, the two cycles are coupled together through subcooler or evaporator 2 in order
to achieve low temperature in evaporatorl. The refrigerants considered for the
thermodynamic (exergy and energy) analysis of the VCR systems are R134a, R1234yf
and R1234ze. The same refrigerant has been considered in the two sections
simultaneously.

The subcooled VCR cycle is in lower section which consists of compressorl,
evaporatorl, expansion valvel, subcooler and condenserl and the subcooler VCR cycle
is upper section which consists of compressor2, condenser2, expansion valve2 and
evaporator2 or subcooler. The vapour refrigerant leaving the evaporatorl of subcooled
VCR cycle at state pointl enters into the compressorl and is being compressed. The
refrigerant at high pressure and temperature leaving the compressorl at state point 2
and enters in to the condenserl. The liquid condensate has been subcooled from state
point 3-3a by the evaporator2 of the subcooler cycle. The subcooled liquid refrigerant is
throttled by the expansion valvel from state point 3a-4. The low temperature liquid-
vapour mixture of refrigerant enters in to the evaporatorl and low temperature is
achieved in the evaporatorl.

Similarly, the saturated vapour of the refrigerant leaving the evaporator2 or
subcooler at state point 5 enters in to the compressor2. The compressed high pressure,
high temperature vapour refrigerant enters into the condenser2 at state point 6. The
vapour phase of the refrigerant is converted in to liquid in the condenser2. The liquid
condensate refrigerant leaving the condenser2 at state point7 is expanded freely by the
expansion valve2 from state 7-8. The low temperature liquid-vapour mixture of
refrigerant enters into the evaporator2 or subcooler and absorbs heat from the
condensate of condenserl from state 8-5 and transformed into saturated vapour.

In this way, the mechanical sub-cooling is produced by the subcooler VCR

cycle in the subcooler from states 3-3a. The evaporator temperature (T.sc) of the
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subcooler cycle is more than the evaporator temperature of subcooled cycle. The sub-
cooling of liquid condensate refrigerant of subcooled cycle enhances the net specific
refrigerating effect as shown in Fig.5.2 from states 4-1. The increase in refrigerating
effect enhances the coefficient of performance (COP) of the subcooled VCR system.
However, the compressor work of the subcooler VCR system reduces the COP of the

overall cycle.

4.3 THERMODYNAMIC & MATHEMATICAL MODELLING
4.3.1 Assumptions

The undermentioned assumptions have been considered to formulate the
complex thermodynamic model of dedicated mechanically subcooled vapour
compression refrigeration system (DMS) and subcooler VCR system except where the
variation of physical parameters involved.

e |t is assumed that the state of refrigerant is dry and saturated while entering to
the compressor at state points 1 and 5.

e The heat losses and pressure losses from the system and system components are
negligible. The whole system operates in steady state and homogeneous
condition with control volume approach for each system component.

e The pressure drop in evaporator (8.) and condenser (8.) is assumed to be zero.

e Control volume approach has been considered during the formation of steady

state governing equations for each component of system.

4.3.2 Energy analysis
The first law based work, energy and mass conservation principles are presented in
equations (4.1)-(4.2).

Y Q—XW =Xm,h, — ¥ rijh; (4.1)
2y — Y, =0 (4.2)
Where Q, W and 7 are the rate of transfer of heat, work and mass respectively
crossing the boundary of the system.

The COP of simple, dedicated mechanically subcooled (DSC), subcooler (SC) and
overall (OC) VCR systems are given by the equation (4.3)-(4.9).
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COPSVCR == WQe (43)

comp

Where Q. is the net refrigeration effect produced and Wcomp is the actual work of the

compressor.
_ Qepsc
COP pgc = Wl_compl (4.4)
Qe, Dsczrhr, psc(hy —hy) (4.5)
V.V(:omplzrhr, DSC(hZ - hl) (4-6)
_ Qe,SC
COP g = Wl_compz (4.7)
V.V(:ompzzrhr, SC (h6 - hs) (4-8)
_ Qe,DSC
CoP oc— v'Vcomp1+V'Vcomp2 (49)

Where Qe psc, Qe,sc: Weomp1, Weompz: 1y, psc and my, sc are net refrigerant effect, net
compressor work and mass flow rate of dedicated mechanically subcooled and

subcooler VCR cycles respectively.

The effectiveness of subcooler &g, is the ratio of minimum rate of transfer of

heat to the maximum rate of transfer of heat.

_ T3'T3a
€c =T
3-18

(4.10)

Where &g. is the effectiveness of subcooler and T;,Ts and Ty are temperatures at

respective state points.

The energy balance in the subcooler is given by equation (4.11).
My psc (h; —h3,) = My sc (hs — hg) (4.11)

4.3.3 Exergy Analysis

The exergy is defined as an effective measure of the potential of substance to
impact the environment or the maximum useful work which can be extracted from a
system as it reversibly comes into equilibrium with its environment. The concept of
exergy is derived from the second law of thermodynamics and it is the degree measure
of usefulness and quality of matter in response to the environment (Bejan et al., 1996,
Arora and Kaushik, 2008)
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For the refrigerant flowing in a refrigerating system, the exergy is defined as
follows (Bejan et al., 1996):

E= m,[(h —hy) — To(s — so)] (4.12)
Where sy and hg are the entropy and enthalpy values of the refrigerant at dead state
(pressure Py and temperature To).

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 2010):

Ep = Ein — Eout (4.13)
Where Ep, is the rate of exergy destruction, E;,, and E,, are the total exergy input and

out by heat, work and mass respectively.

4.3.3.1 Exergy destruction (Ep) in the components of dedicated mechanically
subcooled vapour compression refrigeration cycle (DSC)
The destruction of exergy in each component of the dedicated mechanically

subcooled VCR system is given by the following equations:

Evaporatorl
. . . T . . s

(ED)e,DSC = Ex, * Qepsc (1 - Tb,ljsc) — Ex; = mypsc(hy — Toss) + Qepsc (1 -

T .

12) = thepsc(hy = Tos) (4.14)
b

Compressorl

(ED)compl = EX1 + V'vcompl - EXZ = rhr,DSC(hl — Tosy) + Wcompl - rhr,DSC(hZ -

Tosz) (4.15)
Condenserl
(ED)condl = Exz - Ex3 = rhr,Dsc(hz — Tosz) — rhr,DSC(h3 — Tos3) (4.16)

Expansion valvel
(Eb)gy vatver = Exs = Exga = Mrpsc(hza — Tossa) — M psc(hy — Toss) =

My pscTo(Ss — S32) (4.17)
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Subcooler
(ED)SC = (EX8 - EX5) + (EX3 - EX33)

= gc{(hg —hs) — To(sg — s5)} + My psc{(hs — hza) — To(s3 — s34)} (4.18)

Compressor2

(ED)compZ = E:X5 + V.Vcompz - EX6 = rhr,SC(hS - TOSS) + V.Vcompz - 1'.nr,SC(hG - T056)
(4.19)

Condenser2

(ED)condZ = EX5 - Ex7 = my,sc(hs — Tose) — 1y sc(hy — Tosy) (4.20)

Expansion valve2

(ED)EX_ valvez — Ex7 - Exg =y sc(h; — Tos7) — mysc(hg — Tosg) = My scTo(ss —

57) (4.21)
Evaporator2

. . . T . . . T
(ED)E,SC = Exg + Qesc (1 - Tbosc) — Exg = mysc(hg — Tosg) + Qesc (1 - Tbic) -
Iilr,SC(hS - Toss) (4.22)

where Ep, Ex, th, and T, are the rate of destruction of exergy, rate of exergy, mass flow
rate and temperature of space to be cooled for the dedicated mechanically subcooled
and subcooler cycle respectively. Ty, h, and s, are the temperature, enthalpy and

entropy at dead state.

4.3.3.2 Total exergy destruction (TEXD)
TEXD of the system is the sum of exergy destruction in each component of the
system.

The TEXD in the dedicated mechanically subcooled VCR system (DSC) is given
by:

Z(ED)DSC = (ED) + (ED)compl + (ED)condl t (ED)EX. valvel (4'23)

e,DSc
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Z(ED)SC - (ED)e,Sc + (ED)compz + (ED)condZ + (ED)EX. valve2 (4'24)
Z(ED)OC - (ED)e‘DSC + (ED)compl + (ED)condl + (ED)EX. valvel + (ED)SC +

(ED)compZ T (ED)condZ T (ED)EX. valve2 (4'25)

4.3.3.3 Exergetic efficiency (EXE)
The EXE is the ratio of total exergy recovered to the total exery supplied which
IS given by the equation (4.26) (Dincer and Kanoglu, 2010):

_ZEout _ ZED
nex_ ZEin N 1 B ZEin (426)

Where n_ is the exergetic efficiency of the cycle. ¥, Eoy, X Ein and X Ep are the total
exergy recovered, supplied and destructed respectively.

The EXE can also be defined as it is the ratio of exery in products to the exergy
of fuel. The exergetic efficiency of dedicated mechanically subcooled, subcooler and
overall VCR systems are given by the equations (4.27)-(4.29) (Arora and Kaushik,
2008).

Q Dsc(l— >|
| © Th,DSC

Tl (056) = 7 (4.27)
Qe,sc(l—TTo )|

hovtse, = prsc (4.28)
. T

B Qe,DSC(l_Tb’SSC)| 4.29

Nex (0C) = Weomp1+Weompz ( | )

where Ty is the ambient or dead state temperature.

The exergetic efficiency (EXE) of each component of the dedicated mechanically
subcooled VCR system is given by the following equations:

Evaporatorl

(ED)e,DSc

Qe,DSC(l_ o )|

Tp,Dsc

Nex (e,DSc) = 1- (4.30)

Ex4+
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Compressorl

(ED)com
Nex (comp1) — 1 — E‘Xcho:t)l (4.31)
Condenserl
(E )COI’I
Nex (cond1) = 1- ﬁ (4.32)
Expansion valvel
(E ) X. valve
Nex (Ex. valvel) = 1- DF}S—)’Qll (4.33)
Subcooler
— (ED)SC
Nexs0) = 1 = G~ (4.34)
Compressor2
(ED)com
Nex (comp2) = 1 — Wco::)z) (4.35)
Condenser2
(E )con
Nex (cond2) = 1- (E;T)(d:) (4.36)
Expansion valve2
(E ) X. valve
Nex (Ex. valve2) = 1- D%—)'hlz (4.37)
Evaporator2
— (ED)SC
Nex(sc)y = 1 — (xatExg) (4.38)

Where 1, Ney, Ep, Ex and T, are mass flow rate, the exergetic efficiency, exergy

destruction rate, exergy rate and temperature of space to be cooled respectively.
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4.3.3.4 Exergy destruction ratio (EDR)

The exergy destruction ratio (EDR) is the ratio of total destruction of exergy of
the system to the exergy of the products (Arora and Kaushik, 2008) which is
represented by equation (4.39):

ED total 1
EDR = —Dtetal — 1 _ 4 4.
Ep Nex ( 39)

The exergy destruction ratio for the dedicated mechanically subcooled, subcooler and

overall VCR cycles are given in following (4.40)-(4.42).

& E
EDRpsc = Z(Eo)psc _ ; 2 D)Dsg i
Eppsc |Qe,DSC(1_Tb [())SC)|
& E
EDRg¢c = Z(E P ' Z(( D)Sgo >| -
P,SC Qesc\1-7, ¢
& E
EDROC _ 2( D)OC - 2( D)O(-:r (442)
Eppsc Qe.DSC(l_Tb ];)SC>|

The exergy destruction ratio (EDR) is the ratio of the rate of exergy destruction
in a system component () to the exergy rate of the fuel provided to the overall
system (Ej 1,¢) OF the total exergy destruction rate within the system (Ep ;0:4;) (Bejan et
al., 1996).

EDR = —2i = _FDi (4.43)

EE,total ED,total

The EDR in each component of the dedicated mechanically subcooled (DSC),
subcooler (SC) and overall (OC) VCR systems is given by the following equations:

Evaporatorl

EDR (¢ pse) = S&l)fc (4.44)
Compressorl

EDR (comp1) = (;]EZ:T):T (4.45)
Condenserl
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(E )COH
EDR (cond1) = w22t (4.46)

Expansion valvel

(E ) X. valve
EDR (Ex. valvel) = ;‘é—]s)olcl (4.47)

Subcooler

EDR (5¢) = Z((EE‘;))S;C (4.48)
Compressor2

EDR (comp2) = (;]E,ZT‘Z‘C’ (4.49)
Condenser2

EDR (condz) = (;(DE).T(: (4.50)
Expansion valve2

EDR (gx. valvez) = @;)(]:(T‘izm (4.51)
Evaporator2

EDR (sc) = % (4.52)

4.3.4 Model Validation

The results of the present analysis have been compared with the results of
Qureshi and Zubair (2012) in Table 4.1. The maximum value of COPy which is the
ratio of COPpsc and COP of simple VCR cycle is reduced to -6.2% at the optimum
value of normalized sub-cooler saturation temperature (6 ) which gets enhaced by 1.3%
for the compressor efficiencies of DSC and SC cycles i..e. n¢psc = Nesc = 0.65, heat
exchanger effectiveness (es)= 0.8, evaporator temperature of DSC cycle (Tepsc) = 0°C

and condenser temperarue (Tcond,psc) = 45°C.
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Table 4.1 Comparison of results of (Qureshi and Zubair, 2012) and current work

S.No. | Parameters Qureshi Current | % Difference
and work
Zubair®?
1. Optimumum value of nomalized 0.5 0.5066 1.3%
Sub-cooler saturation temperature
©). 0= Tc::j:;szez’?i)sc
2. Maximum vlaue of COPy 1.28 1.2 -6.2%
3. Main cycle refrigerant R134a R134a -
4. Subcooler cycle refrigerant R134a R134a -
5. Refrigeration load (Q, psc) 100kW 100kW 0

4.3.5 Input Parameters

The current work explores the performance improvement of dedicated

mechanically subcooled vapour compression refrigeration cycle (DSC) exergetically.

The mathematical formulation of thermodynamic relations have been carried out

considering mass, energy and work conservation principles for system and system

components.

Table 4.2 Input variable considered except where the variation of these system
variables involved (Arora and Kaushik, 2008)

S.No. | Input variables Values

1. Evaporator 1 temperature (Te, psc) -10°C

2. Degree of subcoolin((AT).)(3-3a) 5°C

3. Condenser1,2 temperature(Tcpse & Tesc), assuming | 50°C
summer conditions in a country near the equator line.

4. Isentropic efficiency of compressor (1comp1, Ncomp2) 80%

5. Effectiveness of subcooler (esc) 0.8

6. Net refrigerating effect (Qe psc ) 3.5167 kW

7. Ambient or dead state temperature (To) and pressure (Po) 25°C & 101.325

kPa

8. Difference between evaporator temperature and the | 5°C

temperature of space to be cooled (T, psc -Te, psc, Thsc -
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Tesc)

9. The range of degree of subcooling (AT)sc 5°C-30°C

10. The range of variation of isentropic efficiency of | 0.1-1.0

compressor (Neomp.)

11. The range of variation of effectiveness of subcooler (esc) 0.3-1.0

4.4 RESULTS AND DISCUSSION

Thermodynamic (exergy and energy) analysis of dedicated mechanically
subcooled VCR system (DSC) has been performed using a computer software based
program in Engineering Equation Solver (EES) (Klein and Alvarado, 2012) as shown in
Fig.4.1. The considered refrigerants for the analysis are R134a, R1234yf and R1234ze.
The computation of the various performance parameters viz. compressor work, COP,
EDR, total exergy destruction rate and exergetic efficiency have been done by calling
builtin functions (i.e. specific entropy, specific enthalpy, temperature and pressure etc.)
of the EES library.

4.4.1 Results of Energy, Exergy and Parametric Analysis

The present work investigates the thermodynamic performance of dedicated
mechanically subcooled (DSC), subcooler (SC), overall (OC) and simple VCR systems
using R1234yf, R1234ze and R134a. The comparison of considered refrigerant has also
been examined for drop-in replacement of R134a to R1234ze and R1234yf. The first
and second law based performance parameters viz. COP and exergetic efficiency have
been computed and the parametric analysis has been carried out with the variation in
degree of subcooling (DOS), temperature of evaporator, condenser temperature,
isentropic efficiency of compressor and subcooler effectiveness followed by the
thermodynamic analysis.

Fig. 4.3 (a)-(f) illustrate the T-s and P-h state diagrams of dedicated
mechanically subcooled (DSC) and subcooler (SC) VCR system for the refrigerants
R1234ze, R1234yf and R134a respectively. The operating conditions -10°C
(evaporator) and 50°C (condenser) temperature and 149.1, 221.8 and 200.7 kPa
(evaporator) and 997.4, 1302 and 1319 kPa (condenser) pressure for DSC and 848.3,
1119 and 1123 kPa (evaporator pressure) and 43.75°C (evaporator temperarure) for SC
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have been notified to compare the applicability of the refrigerants R1234ze, R1234yf
and R134a respectively.
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Fig. 4.3 (a) Temperature-entropy (T-s) state diagrams of dedicated mechanically
subcooled (DSC), subcooler (SC) VCR systems using R1234ze
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Fig. 4.3 (b) Pressure-enthalpy (P-h) state diagrams of dedicated mechanically
subcooled (DSC), subcooler (SC) VCR systems using R1234ze
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Fig. 4.3 (c) Temperature-entropy (T-s) state diagrams of dedicated mechanically
subcooled (DSC), subcooler (SC) VCR systems using R1234yf
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Fig. 4.3 (d) Pressure-enthalpy (P-h) state diagrams of dedicated mechanically
subcooled (DSC), subcooler (SC) VCR systems using R1234yf
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Fig. 4.3 (e) Temperature-entropy (T-s) state diagrams of dedicated mechanically
subcooled (DSC), subcooler (SC) VCR systems using R134a
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Fig. 4.3 (f) Pressure-enthalpy (P-h) state diagrams of dedicated mechanically subcooled
(DSC), subcooler (SC) VCR systems using R1234yf
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4.4.1.1 EFFECT OF SUBCOOLING

The effect of degree of sub-cooling (AT)s. on various performance parameters
viz. compressor work (W, ), COP, exergetic efficiency (7.,), total exergy destruction

rate (Ep, rotq:) and EDR has been illustrated in Fig. 4.4 to 4.7.

1.5
—e—R134a (OC)
AN —=—R1234yf (OC)
14 R —a—R1234ze (OC)
= \\ =
XX e
s NI, .
< OO ———
=, e o,
. 4| ~o-R134a (DSC) S B
| —2-R1234yf (DSC) =
—/~R1234ze (DSC) i
1
5 10 15 20 25 30

(AT)sc (°C)

Fig. 4.4 Variation in compressor work (WC) with degree of subcooling (AT,.)
Fig. 4.4 represents the effect of sub-cooling (AT)s. on compressor work ().

For 1 Ton refrigeration, compressor work of dedicated mechanically subcooled (DSC)
(WCOmpl) decreases with increase in degree of subcooling (DOS) because the rate of

mass flow of refrigerant decreases with increase in degree of subcooling for constant
refrigeration load of 3.5167 kW. However, the compressor work first decreases and

then increases for overall cycle (OC) with increase in degree of sub-cooling for the
considered refrigerants. This is due to that the compressor work of OC (I/i/(;mp1 +
WCompz) decreases for low values of DOS as the value of l/i/a,mp1 decreases and the
values of I/i/a,mp2 are very small. For the higher values of DOS, the compressor work
of subcooler cycle (WCOmpz) increases while l/i/a,mp1 decreases. However the

compressor work for the simple VCR cycle is is higher than that of the DSC. The

optimize value of degree of sub-cooling lies within 20-25°C for overall cycle. It has
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been observed that the compressor work is minimum for R1234ze and maximum for

R1234yf for DSC and OC.
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Fig. 4.5 Effect of degree of subcooling (AT,.) on COP

Fig. 4.5 shows the variation of COP with degree of sub-cooling for the
considered refrigerants R134a, R1234yf and R1234ze. The COP of the dedicated
mechanically subcooled cycle increases and the COP of subcooler cycle decreases with
increase in DOS for the refrigerants considered. However, the COP of the overall cycle
first increases, maximise for optimum value of DOS which lies within 20-25°C and
then decreases with increase in DOS. In order to increase DOS, The temperature and
pressure of evaporator of subcooler cycle has to achieved lower values which reduces

the COP of the subcooler cycle while for the constant refrigerating load of Qe,DSC =

3.5167kW, the compressor work (WCOmpl) of DSC decreases linearly and the COP of

DSC is V(\fe—"sc (Eq.(4.5)). Thus the COP of the DSC increases linearly with increase in

comp1

Qe,DsC

DOS. The COP of OC is =

Weomp1+Weomp2

(Eq.(4.9)) which increases with increase in

COP of DSC and decreases with decrease in COP of subcooler cycle due to increase in

compressor work of SC with increase in DOS. Thus the COP of OC first increases (as
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COP of DSC increases faster) reaches to maximum value and then decreases (as COP
of SC cycle decreases faster) for the refrigerant considered. It is seen that the COP is
maximum for R1234ze and minimum for R1234yf. The COP of simple VCR cycle is
lower than the DSC and OC. It has been noticed that the optimum value of degree of
subcooling for maximum COP are 23.55, 23.39 and 23.65 for R134a, R1234yf and
R1234ze respectively.
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Fig. 4.6 Effect of degree of subcooling (ATy.) on exergetic efficiency ( 1ex)

Fig. 4.6 illustrates the effect of DOS (ATy.) on exergetic efficiency (Mex (oc)) Of
overall cycle. The exergetic efficiency of the overall cycle increases to a maximum
value afterwards decreases with increase in DOS for the considered refrigerants. The
optimum value of degree of sub-cooling lies between 20 to 25°C for which the value of

exergetic efficiency is maximum. The exergetic efficiency of overall cycle is given by

deoc(1-m )|
1 .
Qe,OC( Th,Dsc |Qe,0c]

(Eq. 4.29). In which the term -

Nex (0C) = is the COP(OC)

Weomp1+Weompz comp1tWecompz

which increases to a maximum value afterwards decreases with increase in DOS (Fig.

4.4) and the term |(1 —TT° )

b,DSC

remains constant with increase in DOS because the

value of Ty and Ty psc remains constant with increase in DOS. Hence the value of
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Nex (0c) INcreases to a maximum value afterwards decreases. The optimum value of

DOS lies between 20 to 25°C for the considered refrigerants. Hence the exergetic

efficiency of the OC follows the trend of COP. It can be noticed that ney oc) IS

maximum for R134a and minimum for R1234yf.
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Fig. 4.7 Variation in total exergy destruction rate (ED, Toml) and exergy destruction
ratio (EDR) with degree of subcooling (AT.) for OC

Fig. 4.7 shows the variation in total exergy destruction rate (Ep, rotq:) and
EDR with degree of subcooling (ATy.) for overall cycle. The value of Ep 74q and
EDR first decreases, reaches to a minimum value and then increases with increase in
DOS for the refrigerants considered. The value of Q. o¢ increases to a maximum value
afterwards decreases with increase in DOS (Fig. 4.5). Therefore, the exergy recovered
from the system and system components increases to a maximum value afterwards
decreases with increase in DOS. Consequently, the ED, Totar OECreases, attaining a

X(E D)oc
Qe,Dsc(l

minimum value afterwards increases. EDR is given by

) (eq. (4.33))

Tp,Dsc

. TO
Qepsc(1—3 :
b,DSC

decreases, attaining a minimum value afterwards increases with increase in DOS

which is proportional to ED’ Total @Nd reciprocal to Hence EDR
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(AT,.). It can also be noticed that the values of Ep 14:q; and EDR are minimum for
R134a and maximum for R1234yf.

4.4.1.2 EFFECT OF EVAPORATOR TEMPERATURE
The effect of evaporatorl temperature (T, psc) on Vvarious performance

parameters viz. compressor WOI’k(WC), DOS (AT)s,, COP, exergetic efficiency (n.y),
total exergy destruction rate (ED, Total) and EDR has been shown in Fig. 4.8 to 4.11.

—e—R134a (OC)
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Fig. 4.8 Variation in compressor work(l/i/c) with evaporatorl temperature (Te, psc)

Fig.4.8 shows the varition in compressor work (W) with evaporatorl
temperature (Te psc) for dedicated mechanically subcooled and overall VCR system.
The compressor work of DSC (W¢omp1) and OC (Weompr + Weomp2) decreases with

increase in evaporatorl temperature (Te psc) for refrigerants considered. As the
evaporatorl temperature increases, the pressure ratio between evaporator and condenser
decreases and for constant refrigeration load of 3.5167 kW, the mass flow rate of
refrigerant also decreases. Moreover, the evaporator2 temperature of sub-cooler cycle

also increases. Hence the compressor work of DSC and OC decreases with increase in
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evaporatorl temperature. It has been noticed that the value of compressor work is

minimum for R1234ze and maximum for R1234yf.
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Fig. 4.9 Effect of evaporatorl temperature (Te psc) on degree of subcooling (ATs,.) and
COP

Fig. 4.9 illustrates the effect of evaporatorl temperature (Te, psc) on DOS (AT)sc
and COP for OC. The value of DOS decreases and COP increases with increase in
evaporatorl temperature for the refrigerant considered. For the constant refrigeration
load of 3.5167kW, lower amount of sub-cooling is required in the sub-cooler to the
refrigerant of DSC. Thus, the value of DOS decreases with increase in Te psc.
However, the compressor work decreases as shown in Fig. 4.8, the value of COP
increases. It has been observed that the value of DOS and COP are maximum for
R1234ze and minimum for R1234yf.

Fig. 4.10 depicts the effect of evaporatorl temperature (Te psc) On exergetic

efficiency (n.,) of OC for considered refrigerants. The exergetic efficiency is given by

T
COP(OC) X |<1 — T 0 )

b,DSC

in which the value of COPc, increases (Fig. 4.9) and the

value of term |(1 - TT" ) decreases with increase in evaporatorl temperatue as (Tp,

b,DSC
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bsc -Te, psc =5°C). Hence, the value of 7, (oc) decreases with increase in evaporatorl
temperature. It has been noticed that the value of 7.y (o¢) is maximum for R134a and

minimum for R1234yf.
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Fig. 4.10 Variation in exergy efficiency(n,.,) with evaporatorl temperature (Te, psc) of
overall cycle (OC)
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Fig. 4.11 Variation in total exergy destruction rate (ED, Toml) and exergy destruction
ratio (EDR) with evaporatorl temperature (Te, psc) of overall cycle (OC)
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Fig. 4.11 illustrates the variation in total exergy destruction rate (Ep 7o¢q) and
exergy destruction ratio (EDR) with evaporatorl temperature (Te psc) of OC. The
value of E, 1,:q; and EDR decreases with increase in Te, psc for refrigerant considered.
It has been noticed that the value of £ 74:q; and EDR are minimum for R1234ze and
maximum for R1234yf. As the exergetic efficiency decreases with increase in
evaporatorl temperature (Fig. 4.10), the rate of exergy recovered of system component

decreases. By which the ED, Totar 0€Creases with increase in T, psc. However, the

exergy of product decreases with increase in T, psc because the term |(1 -z To )
b,DSC

decreases due to which the EDR of the overall cycle.

4.4.1.3 EFFECT OF TEMPERATURE OF CONDENSER
The effect of condenserl,2 temperature (T psc = Tc, sc) on various performance

parameters viz. compressor work (WC), COP, exergetic efficiency (n.,), exergy
destruction ratio (EDR) and total exergy destruction rate (ED, Total) has been depicted
in Fig. 4.12 to 4.15.

Fig. 4.12 illustrates the effect of condenserl,2 temperature (T, psc = T¢, sc) On
compressor  work  (W¢ sver, Weompt, Weomp2and(Weomp: + Weompz))  0f  simple
vapour compression refrigeration cycle (SVCR), DSC, SC and OC for refrigerants
considered.
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Fig. 4.12 Variation in compressor work of simple vapour compression refrigeration
CyCIe (SVCR)1 DSC, SC and OC (WC,SVCRt WCompl:WCompZand(WCompl + WCompZ))
with condenserl,2 temperature (T, psc = T¢ sc)
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Fig. 4.13 Effect of condenserl,2 temperature on COP of DSC, OC, SC and SVCR cycle
(Te, psc = Te, sc)
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The values of compressor work increases with increase in temperature of
condenser. As the temperature of condenser increases, the pressure ratio between
evaporator and condenser increases for which more work has been done by the
compressor. Therefore, the value of W, increases with increase in T It has been
noticed that the value of W, is minimum for R1234ze and maximum for R1234yf in
DSC, OC and SVCR.

Fig. 4.13 shows the effect of condenserl,2 temperature (T, psc = T¢, sc) on COP
of DSC, OC, SC and SVCR for considered refrigerants. The COP of DSC, OC and
SVCR decreases with increase in T; psc = T¢, sc. This is due to that for constant
refrigeration load of 3.5167kW, the compressor work increases with increase in
temperature of condenser. Thus the COP of DSC, OC and SVCR decreases with
increase in temperature of condenser. However, the COP of sub-cooler VCR cycle (SC)
increases with increase in temperature of condenser. The rate of heat of heat transfer to
evaporator2 increases in the sub-cooler, consequently the refrigeration load of sub-
cooler cycle increases and hence COP of sub-cooler cycle increases with increase in
temperature of condenser. It has also been seen that the COP is maximum for R1234ze
and minimum for R1234yf.

Fig. 4.14 presents the variation in exergy efficiency (n.,) with temperature of
condenser (T¢ psc = T¢, sc) of DSC, OC and SVCR cycles for considered refrigerants.

The value of 1., decreases with increase in T psc = T¢, sc. Exergetic efficiency is given

by the relation, no, = COP X |(1 — ;—") remains constant

b

and the value of COP decreases with increase in temperature of condenser. Hence the

in which the term |(1 — %‘j)

value of 7,, decreases with increase in T psc = T¢, sc. It can also be noticed that the
value of 7., is maximum for R1234ze and minimum for R1234yf.

Fig. 4.15 depicts the effect of temperature of condenser (T¢, psc = T, sc) on total
exergy destruction rate (ED, Total) and EDR of DSC, OC and SVCR cycles. The value
of Ep rota: and EDR increases with increase in T, psc = Te, sc. As the temperature of

condenser increases, the exergy destruction rate in system components increases as well

: T
Qe,psc (1 - )

b,DSC

as the exergy of products ( ) decreases because the value of COP

decreases (Fig. 4.13).
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Fig. 4.14 Effect of temperature of condenser (T;) on exergetic efficiency (nex)
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Fig. 4.15 Variation in total exergy destruction rate (Ep 1,:q;) and exergy destruction
ratio (EDR) with condenser temperature (T¢)
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Hence, the total exergy destruction rate and EDR increases with increase in T,
psc = T, sc. It has been seen that the value of £, 7,:; and EDR is minimum for R134a

and maximum for R1234yf.

4.4.1.4 EFFECT OF COMPRESSOR EFFICIENCY
The effect of isentropic efficiency of compressorl,2 (ncomp.lincomp.z) on
various performance parameters viz. compressor work (WC), COPmax., exergetic

efficiency (n.y), total exergy destruction rate (ED, Total) and exergy destruction ratio

(EDR) for the considered refrigerants R1234ze, R1234yf and R134a has been shown in
Fig. 4.16 to 4.20.
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—
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T]comn (DSC)

Fig. 4.16 Variation in compressor work(W¢) of DSC, OC, SC and SVCR system with
isentropic efficiency of compressor(ncomp.)

Fig. 4.16 shows that the effect of isentropic efficiency of compressorl,2
(ncomp_l &ncomp_z) on compressor work (W¢) of DSC, OC, SC and SVCR system for the
refrigerants considered. The values of W decreases with increase in Neomp1’ Neomp.2 for

DSC, OC, SC and SVCR cycle. The isentropic efficiency of the compressor is isentropic work

done divided by the actual work done. The actual work done of compressor decreases with
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increase in isentropic efficiency operating between same evaporator and condenser lines.
Hence, The actual work done of DSC, OC, SC and SVCR cycles (Weomp1, Weomp1+Weompaz:
Wcomp2 and Wcomp) decreases with increase in isentropic efficiency of compressorl, 2
(ncomp.l' ncomp.z)' It has been noticed that the value of W is minimum for R1234ze and

maximum for R1234yf.
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Fig. 4.17 Effect of isentropic efficiency of compressor (ncomp.) 0N COPrmax.

Fig. 4.17 shows the effect of isentropic efficiency of compressorl, 2
(Ncomp.1 Neomp2) ON Maximum COP (COPpax) for OC, DSC, SC and SVCR cycle.
The value of COPpyx. increases with increase in Neomp.1,Necomp2- FOr the constant
refrigerating load Qe,DSC = 3.5167kW, the compressor work of compressorl, 2
decreases with increase in Ncomp.1, Ncomp.2 (Fig. 4.16). Hence the value of COPpay. incu
reases with increase in Neomp.1, Ncomp.2-

It has also been noticed that the value of COPpa for OC, DSC and SC is higher
than that of SVCR cycle. The maximum and minimum value of COP.. is for R1234ze
and R1234yf.

Fig. 4.18 shows the effect of isentropic efficiency of compressorl, 2

(Ncomp.1- Neomp.2) ON exergetic efficiency (nex) for OC, DSC and SVCR cycle. The
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exergetic efficiency increases with increase in TMcomp1,Ncomp2: The exergetic

. TO
Q Dsc<1— )’
¢ Th,DSC

efficiency of OC and DSC are given by nex o) =

(Eq. 4.29) and

Weomp1+Weomp2

. TO
Qepsc(1—7
b,DSC

remains constant and the compressor work Wcompl and Wcompz decrease with increase

Qe,Dsc(l— o >|

Tp,Dsc

(Eq. 4.27). In which, the term

MNex (DSC) = Weomps

IN Ncomp.1» Ncomp.2- Thus the value of g, increases with increase in Ncomp.1, Ncomp.2
for refrigerants considered. It has also been noticed that the exergetic efficiency of DSC
and OC are higher than that of SVCR cycle. The maximum and minimum value of 1.y
is for R1234ze and R1234yf respectively.
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Fig. 4.18 Variation in exergetic efficiency (ne)with isentropic efficiency of
compressor(Ncomp.)

Fig. 4.19 illustrates the variation in total exergy destruction rate (Ep, Totar) With
isentropic efficiency of compressorl, 2(Ncomp1, Necompz). The value of Ep rora
decreases with increase in Neomp.1, Neomp.2 for OC, DSC, SC and SVCR cycle. The
increases with increase in

exergy recovered from the system components

T]comp.lr ncomp.z (Flg 4-18)-
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Fig. 4.19 Effect of isentropic efficiency of compressor(ncomp_) on total exergy

destruction rate (Ep Total)
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Fig. 4.20 Effect of isentropic efficiency of compressor(ncomp.) 0N EDR
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The exergy destruction rate of components of the system decreases with
increase N Mcomp.1 Ncomp.2- 1 herefore, the ED, Total d€Creases with increase in
Ncomp.1» Neomp.2- It has been noticed that the value of ED, Total Of OC and DSC is lower
than that of SVCR cycle. The minimum and maximum value of Ep o is for
R1234yf and R1234ze respectively.

Fig. 4.20 depicts the effect of isentropic efficiency of compressorl,2
(Ncomp.1, Ncomp.2) ON exergy destruction ratio (EDR) for refrigerants considered. The
EDR of OC, DSC and SVCR cycle decreases with increase in Ncomp.1, Ncomp.2- EDR 1S

: Z((ED)OCT0 )| (Eq.(4.42)) which is proportional to ED, Total- 1he value of

Qe,psc(1

given by

Tp,psc

Ep, rota increases and the term remains constant with increase in

Qe,psc (1— 0 )

Tp,psc

Ncomp.1, Necomp2 (Fig. (4.18)). Hence, the value of EDR decreases with increase in
Ncomp.1» Neomp.2 fOr refrigerants considered. It has also been noticed that the EDR of

OC and DSC is lower than that of SVCR cycle. The minimum and maximum value of
EDR is for R1234ze and R1234yf.

4.4.1.5 EFFECT OF SUBCOOLER EFFECTIVENESS
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Fig. 4.21 Effect of effectiveness of subcooler (e5.) on degree of subcooling (AT)s
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Fig. 4.21 to 4.25 depict the variation in various performance parameters viz.
degree of subcooling (AT)s, compressor work (W¢), COPma, EDR, total exergy

destruction rate (ED, Total) and exergetic efficiency (nex) with subcooler effectiveness
for the refrigerants considered R1234ze, R1234yf and R134a.
Fig. 4.21 shows that the effect of effectiveness of subcooler (g5c) on degree of

subcooling (AT)s.. The degree of subcooling increases with increase in effectiveness of

. . . T3-T
subcooler. The effectiveness is given by eSC=T3 T3a
3°18

(Eq. 4.10). Where degree of

subcooling is Ts-T;,. Which is directly proportional to the &5.. Hence the value of
(AT)s increases with increase in subcooler effectiveness. It has also been noticed that
the maximum value of DOS (28.84) is for R1234ze However, the minimum value
(9.48) is for R134a.

15 . ; ; g 1 r 0.18
—+—R134a (DSC) —e—R134a (OC)
, —+—R1234yf (DSC) —=—R1234yf (OC) il
1 4_\_—+—R1234ze (DSC) —+—R1234ze(OC) __»—" 10.16
s 014 3
X 1.3 e
o 3
@ 0.12 ;5
5 1.2
5 0.1
'; x L SO -~
i1 g 7 —w—RI34a(S0)  mmmg ey
/,///M/’// -_;‘_—'R1 234yf (SC) \\\\\\b\\\:\\; 008
e --+--R1234ze (SC) B -
1 L R134a, R1234yf & R1234ze, Wc=1.453kW (SVCR) o
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
€sc

Fig. 4.22 Variation in compressor work (WC) with effectiveness of subcooler (&g.)

Fig. 4.22 illustrates the variation of compressor work (W) with effectiveness

of subcooler (esc) for DSC, OC, SC and SVCR. The value of (W) decreases with
increase in effectiveness of subcooler for DSC and OC. However, compressor work

increases with increase in (e5.) for subcooler cycle. For the refrigerating load Qe,DSC =
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3.5167kW, the rate of mass flow of refrigerant decreases with increase in (AT)s; and the
value of (AT)s increases with increase in (gg¢-). Therefore the compressor work of DSC
and OC decreases for constant value of Te psc and T¢psc With increase in effectiveness
of subcooler. However, the cooling load of subcooler cycle increases with increase in
DOS ((AT)s). By which the rate of mass flow of refrigerant increases with increase in
effectiveness of subcooler. Hence, the compressor work of subcooler cycle (SC)
increases with increase in eg¢. It has been noticed that the maximum compressor work
of DSC and OC is less than that of simple VCR (SVCR). The maximum value
compressor work is for R1234yf and minimum for R1234ze in DSC and OC.

3.4 I 1 1 T T T 6.8
—.=—R134a (DSC) g
—-+—R1234yf (DSC) e Q‘//?gf;;i 6.6

| —+-—R1234ze (DSC) Pl
3.2 =T _ 6.4
8 6.2 G
o 3 Q
a o
~ ©
z 5.8 £
Eos S
ok e il o
O 4 /. 7 56
O //// - —e—R134a (OC)
56 g/ e —=—R1234yf (0C){5.4
Y —+—R1234ze (OC)
/' 415.2
» ' R134a, R1234yf & R1234ze, COPpmayx. = 2.42 (SVCR) :
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Esc

Fig. 4.23 Variation in COP .« With effectiveness of subcooler (e.)

Fig. 4.23 depicts the variation of maximum COP (COP.x) with effectiveness
of subcooler (e5c). The value of COPnax increases with increase in effectiveness of
subcooler. For the constant refrigerant load Qe,DSC = 3.5167kW, the compressor work
decreases with increase in eg. (Fig. 4.21, 4.22). Thus, the maximum value of COP
increases with increase in &g for DSC and OC. However, the cooling load of SC

increases with increase in g5.. Thus the value of COPx 0f SC increases with increase
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in &g¢. It has been noticed that the value of COP . is higher for DSC, OC and SC that
of SVCR. The value of COPnax. is maximum for R1234ze and minimum for R1234yf.

Fig. 4.24 depicts the effect of effectiveness of subcooler (egc) on exergetic
efficiency (neyx). The value of n., increases with increase in &5, for DSC and OC and
remains constant in SVCR for the refrigerants considered.

The exergetic efficiency of OC and DSC are given by

Qe,Dsc(l— To )| Qe,Dsc(l— o )|

— Th,Dsc _ Tp.DSC

Nex (oc) — Wcomp1+wcomp2 (Eq 429) and Nex (DSC) = Wcompl (Eq 427) In

which the term [Qepsc (1 — TT" ) is constant and compressor works
b,DSC

Wcompldecreases and Wcomp2 increases with increase in effectiveness of subcooler

(Fig. 4.21). However, the increase in Wcompz is very less as compared to the values of

Weomp1- Thus the exergetic efficiency of DSC and OC increases with increase in gg¢. It

has been noticed that the value of n, of DSC and OC is more than that of simple VCR

cycle. The maximum and minimum value of 1, is for R1234ze and R1234yf.
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Fig. 4.24 Effect of effectiveness of subcooler (eg¢c) on exergetic efficiency (Mey)
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Fig. 4.25 illustrates the effect of effectiveness of subcooler (ggc) ONEp rotal-

The value of Ep, 1o decreases with increase in e for DSC and OC. However, the

value of Ep roa1 inCreases with increase in gg¢ for SC. Ep, rota1 remains constant for

simple VCR cycle. As the exergy recovered from the system components increases

with increase in egc (Fig. 4.24). Therefore, the value of Ep in each component of

system decreases with increase in egc which results decrease in Ep, 1o With increase

in &gc. However, the amount of heat transfer to the evaporator2 increases with increase

ineg. as the degree of subcooling increases with increase in &g (Fig. 4.21). It has been

observed that the value of Ep poa in DSC and OC is less than that of simple VCR

cycle. The minimum and maximum value of ED, Total 1S for R1234ze and R1234yf in

DSC and OC. However, the minimum and maximum value of ED, Total 1S for R134a

and R1234yf in SC.
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Fig. 4.26 Variation in exergy destruction ratio (EDR) with effectiveness of subcooler

(esc)

Fig.4.26 illustrates the variation in exergy destruction ratio (EDR) with
effectiveness of subcooler (egc). The value of EDR in DSC and OC decreases with

increase in &g for refrigerants considered. EDR of DSC and OC are given by

. Z(ED)Dsgo (Eg. 4.40) and Z(ED)OCTO (Eq. 42). Which is directly
Qe'DSC(l_Tb,DSC)‘ Qe‘DSC(l_Tb,DSC)|

porportional to the Ep ota and inversely porportional to the and

: T
mec(l—T‘o )

b,DSC

the term

Qe,DSC (1 — )

Tp,psc

remains constrant and the value of ED, Total dECreases

with increase in &g-. This results decrease in EDR with increase in gg.. It has been
noticed that the minimum and maximum value of EDR is for R1234ze and R1234yf

respectively.
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4.4.1.6 EXERGETIC EFFICIENCY AND EXERGY DESTRCTION RATE OF THE
COMPONENTS OF SYSTEM

Exergetic efficiency (nex) and exergy destruction rate (ED) of components of

system of simple and DSC VCR cycle have been depicted in Fig. 4.27 and 4.28.

100 ~

mR134a mR1234yf mR1234ze

90

80

System components of simple VCR cycle and DSC

Fig. 4.27 Exergetic efficiency of system components of simple VCR cycle and DSC

Fig. 4.27 shows the exergetic efficiency (nex ) of system components of simple

and DSC VCR cycle. Evaporator and condenser of simple VCR cycle are the

component of highest and lowest exergetic efficiency respectively. However,

subcooler, condenserl,2 of are the site of highest and lowest exergetic efficiency of

DSC VCR cycle. The exergetic efficiency of compressor2 and expansion valve2 lie
within 99-100% for the considered refrigerants.
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Fig. 4.28 Rate of destruction of exergy of the components of system in simple VCR
system and DSC

Fig. 4.28 depicts the rate of destruction of exergy in components of system of
simple VCR system and dedicated mechanically subcooled VCR system (DSC).
Condenser is the site of SVCR and DSC where the maximum exergy destruction take
place. However, evaporator is the place where minimum amount of exergy destruction
occurs. In simple VCR system, expansion valve is the site where more exergy
destruction occurs in comparison to compressor and evaporator. Similarly, in DSC,
expansion valvel is the second site of exergy destruction after condenserl. However,
subcooler, compressor2 and expansion valve2 are the site where very less amount of

exergy destruction takes place in comparison to other system components.

4.5 CONCLUSIONS

The current work presents the energy and exergy analysis of dedicated
mechanically sub-cooled vapour compression refrigeration cycle (DSC). The
comparison of DSC, overall cycle (OC), sub-cooler cycle (SC) and simple vapour
compression refrigeration cycle (SVCR) has also been considered for R134a, R1234ya

and R1234ze using a computer software based program in EES. The theoretical
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performance analysis involves the variation of DOS, temperature of evaporator and X

temperature of condenser to examine the performance parameters viz. compressor

work, COP, 1. and total £, and EDR. The main concluding points of the current work

are as follows:

The COP of dedicated mechanically sub-cooled VCR cycle (DSC) and overall
cycle (OC) is higher than the simple VCR cycle.

The optimum value of DOS lies between 20°C to 25°C for which W, COP and
Nex are maximum in OC.

The COP of OC improves while 1., goes down with increase in evaporator
temperature.

The high condenser temperature reduces the performance (COP andn,,) of the
cycle.

Higher condenser temperature promotes exergy destruction while exergy
destruction reduces for lower values of evaporator temperature. The optimum
value of DOS lies between 20°C to 25°C.

Exergy destruction rate of system components of simple VCR cycle is higher
than that of DSC.

The performance (COP & n.) of DSC and OC improves with increase in
subcooler effectiveness and isentropic efficiency of compressors.

The higher values of subcooler effectiveness and isentropic efficiency of
compressor reduce the the total exergy destruction rate and EDR.

R1234ze performs better than that of R1234yf and competes with R134a. It can
be a good alternate to R134a.

Condenserl is the site where the maximum amount of exergy destruction occurs
in comparison to other system components.

Subcooler, condenser2 and expansion valve2 are the components of DSC VCR
cycle where maximum amount of exergy has been recovered.

Subcooler of DSC VCR cycle is the component of highest exergetic efficiency.

Finally, it is inferred that the dedicated mechanically sub-cooled VCR cycle

performs better than that of simple VCR cycle and the performance of HFO R1234ze is

better than R1234yf. These systems can be used in frozen food, preservation and

medical industries.
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4.6 COMPARISON BETWEEN LVHE INCORPORATED VCR SYSTEM AND
DEDICATED MECHANICALLY SUBCOOLED VCR SYSTEM

The degree of superheating increases with increase in degree of subcooling of
LVHE incorporated VCR system not in case of dedicated mechanically
subcooled VCR system.

Additional compressor work is not required in LVHE incorporated VCR
system. However, additional compressor work of subcooler cycle has been
given to subcool the refrigerant in dedicated mechanically subcooled VCR
system.

There is no optimum value of degree of subcooling (DOS) for LVHE
incorporated VCR system. However, the optimum value of DOS lies between
20°C to 25°C for dedicated mechanically subcooled VVCR system.

R1234ze performs better than that of R1234yf and competes with R134a in both
the systems.

Evaporator is the component of highest exergetic efficiency of LVHE
incorporated VCR system while the subcooler of DSC VCR cycle is the
component of highest exergetic efficiency.
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CHAPTER 5

PERFORMANCE ANALYSIS (ENERGY AND EXERGY) OF
EXPERIMENTAL VAPOUR COMPRESSION REFRIGERATION
CYCLE

5.1 INTRODUCTION:

The demand of refrigeration and air-conditioning is going on increasing day by
day. Environmental issues are major considerations along with energy consumption and
cost effectiveness in the refrigeration and air-conditioning applications. A number of
refrigeration and air-conditioning applications viz. automotive & super markets air-
conditioning, walk-in coolers, residential refrigerators and chillers prefers low GWP
refrigerants.

Hence, the investigation of thermodynamic performance and compatibility of
alternative refrigerants in conventional refrigeration system (VCRS) is required for
their implementation.

The current work focuses on thermodynamic (exergy & exergy) analysis of an
experimental VCR system using alternated refrigerants R1234yf and R1234ze as
replacement of R134a. The drop-in replacement of R134a can be executed for
alternative refrigerants R1234yf and R1234ze in small power refrigeration system
(Jankovic et al., 2015; Sanchez et al., 2017). The experimental observations have been
notified on the experimental VCR setup using R134a and the refrigerants R1234yf and
R1234ze have been analysed under similar assumptions and input conditions of R134a
assuming the drop-in replacements of R134a in the experimental VCR setup.

The observations have been taken on the experimental set after attaining steady
state of operating variable viz. refrigerant flow rate, temperature and pressure etc. The
experimental results of the analysis using R134a, R1234yf and R1234ze have been
compared to the theoretical analysis using same refrigerants. The performance
parameters viz. COP, exergetic efficiency, exergy destruction rate of exergy and EDR
have been calculated for experimental as well as theoretical analysis. The impact of
operating variables viz. pressure ratio, temperature of evaporator and temperature of
condenser on the performance parameters has been seen and noticed during parametric

analysis.
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5.2 DESCRIPTION OF SYSTEM

Fig. 5.1 and 5.2 depict the block and P-h diagrams of experimental VCR
system. It comprises of an evaporator, a compressor, a condenser, a reservoir, a rota-
meter, seven operative gate valves, one solenoid valve, capillary tube, two energy
meters, temperature sensors and a control panel. Control panel consist suction, delivery,

expansion and condenser pressure gauge. Temperature sensors show the temperature
of different state points.

ENERGY  Temperature Sensors ENERGY

Control Panel

METER-1
Ti1 | T2 | Ta | Ta| Ts METER-2
SOLENOID
v W voa VALVE Wo
7
—® @ Qs
6
o 11
= g V6 V-7
Lu A
= Q1 13 2
< N 16 12 13 4[| pe P
o) >® CAPILLIRY TUBES
D: A
V-1 17
Qe A
5 RESERVIOR @
4
i > > Ps Pc
4 > 1 3
B h A
3 2a
5

CONDENSER COMP

Fig. 5.1 Block diagram of experimental VCR unit
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Fig. 5.2 P-h diagram of experimental VCR unit

The heat absorbed in the evaporator by the refrigerant transforms it in saturated
vapour at state pointl. The refrigeration effect is obtained in the evaporator by entering
the hot water at state point 18 and chilled water is taken out at state point 19. The
refrigerating effect is used here to chill the hot water. The saturated vapour is
compressed in compressor and leaving it at state point 2a. The high pressure and
temperature refrigerant vapour enters in the condenser at state point 2a. The high
temperature refrigerant vapour transforms in to liquid in the condenser at state point 3.
A reservoir has been situated after the condenser to collect the refrigerant. The
condensate refrigerant at high pressure can be expanded freely either by a solenoid
valve or capillary tube. The low temperature vapour-liquid mixture of refrigerant enters
in the evaporator.

In this work, experimental observations have been taken on an experimental set
up of VCR system using HFC-R134a for its thermodynamic investigation. Under
similar assumptions and input conditions of R134a, refrigerants R1234yf and R1234ze
have been analysed assuming the drop-in replacements of R134a in experimental VCR

system.
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5.3 MATHEMATICAL FORMULATION

The current work presents the thermodynamic analysis of experimental VCR
setup. The experimentation has been carried out on the VCR setup using R134a. Under
similar assumptions and input conditions of R134a, refrigerants R1234yf and R1234ze
have been analysed assuming the drop-in replacements of R134a. Various performance
parameters have been computed using experimental observations in EES software. The
experimental results has been represented in the form of graphs and steady state
governing equations based on mass and energy conservation principles have been

formulated for the thermodynamic modelling of complex system.

5.3.1 Energy analysis
The COP of VCR cycle is given by the equation (5.1)-(5.3).

COP = —%e (5.1)

Weomp

Where Q, is the net refrigeration effect produced and Wcomp is the actual work of the

compressor.
Qe:fhr(h1 —hy,) (5.2)
Wcomp:rhr(hZa —hy) (5.3)

5.3.2 Exergy Analysis

In a refrigerating system during the flow of refrigerant, the exergy is defined as
follows (Bejan et al., 1996):

E = m,[(h —hy) — To(s — so)] (5.4)
Where so and ho are dead state entropy and enthalpy respectively.

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, 2010):

Ep = Ein — Eout (5.5)
Where E;, is the input exergy, Ep is the rate of destruction of exergy and E,; is the

output exergy of the system.
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5.3.2.1 Exergy destruction (Ep) in the components of experimental vapour
compression refrigeration setup

The destruction of exergy and exergetic efficiency in the components of
experimental VCR setup is given by the following equations:

Evaporator
. . ) T, .
(60 = B+ 00 (1) - By
. ~ To .
=y (hga — ToSsa) + Qe ( - T_b) — m(h; — Tosq) (5.6)
Compressor
(ED)comp = Exla + V.Vcomp - EXZa = m(hyy — Tos1a) + Wcomp — 1 (hya — TpSza)
(5.7)
Condenser
(ED)cond = EXZa - E:X3a = My (hya — ToS2a) — My (hs, — Tos3a) (5.8)

Capillary tube
(ED)Cpt = EX3a - Ex4a =t (hza — ToS3a) — Mp(hya — ToSsa) = M To(S4a — S3a)
(5.9
5.3.2.2 Total exergy destruction (TEXD)
TEXD of the system is the sum of destruction of exergy in every component of the
system.

The total exergy destruction in experimental VCR setup is given by:

Y(Ep) = (ED)eVp + (ED)Comp + (ED)Cond + (ED)Cpt (5.10)

5.3.2.3 Exergetic efficiency (EXE)
Exergetic efficiency is an important parameter for evaluating performance
(thermodynamic) of a system or a system component. In general exergetic efficiency is

defined as (Dincer and Kanoglu, 2010):

_ZEout _ EED
Mex™ YEin 1- Y Ein G.11)

Where n__is the exergetic efficiency of the system. 3. Eoy, X Ein and ¥, Ep are the total

exergy recovered, supplied and destructed respectively.
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The exergetic efficiency of VCR 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 (Wcomp) (Arora and Kaushik, 2008).

(-7

Weomp

(5.12)

Nex =

Exergetic efficiency of each component of experimental vapour compression

refrigeration cycle is given by the following equations:

Evaporator
(ED)evp
T]ex,evp =47 EX4a (513)
Compressor
(ED)com
nex,comp - 1 - Wcompp (514)
Condenser
— (ED)cond
Nex,cond = + Ex,.—Exsa (5.15)
Capillary tube
— Ex a
nex,cpt - ?:a (5.16)

5.3.2.4 Exergy destruction ratio (EDR)
The EDR is the total exergy destruction of the system divided by the exergy in the
products (Arora and Kaushik, 2008) and is given by Eq. 5.17).

EDR = Dtotal _ 1 _ 4 (5.17)
Ep Nex

The EDR of each component of experimental VCR setup is given by the following

equations:

Evaporator

(ED )evp
evp =

EDR

(5.18)

ED,total

Compressor

(Ep)comp

EDR oy = (5.19)

ED,total

Condenser

EDR, ., = "2)cond (5.20)

ED,total
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Capillary tube

E
EDR, = D) epr

ED,total

(5.21)

5.3.2.5 Assumptions
Following assumption have been considered during theoretical analysis of VCR
system.
e The steady state is considered for the operation of each component of the
system.
e The refrigerant entering in the compressor is dry and saturated for simple VCR
system (state points 1)..
e Heat losses in connected pipelines are neglected.

e The chemical, kinetic and potential exergies are neglected.

5.3.2.6 Experimental data
The following experimental data have been recoded as shown in Table 5.1.
Table 5.1 Experimental data recorded on experimental VCR set up

S. Parameters Values
No.
1. Elecrtirc voltage 227V
2. Electric current 3.62 A
3. Power factor 0.8
4. Flow rate of refrigerant 33.5LPM
5. Isentropic efficiency of compressor 0.75
6. Pump fraction 0.46 W
7. Evaporator temperature -5C
8. Condenser temperature 48.5
9. Pressure ratio 53

5.4. RESULTS AND DISCUSSION

In the current work, an experimental VCR setup has been analysed its
performance (exergy & energey). The performance of R1234ze, R1234yf and R134a
has been compared in the same experimental setup. The practical setup has the facility

to measure the operating parameters viz. temperature,, pressure, flow rate of mass of
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refrigerant and electricity consumed by compressor and pump etc. at each state point.
The various performance parameters viz. COP, EXE, TEXD and EDR have been
computed for different values of pressure ratio, temperature of evaporator and
temperature of condenser using Engineering Equation Solver (EES) software (Klein
and Alvarado, 2012).

ENERGY

TEMPERATURE METERS

DISPLAY UNI AMMETER SOLENOID

‘ :

Y £ =

VOLTMETER

o
o PRESSURE
s GAUGES
g
8
e CAPILLARY
TUBE
o
®)
>
o
[F1)
g
o
COMPRESSOR EVAPORATOR

CONDENSER

Fig. 5.3 Experimental setup of vapour compression refrigeration unit

5.4.1 Results of Energy, Exergy and Parametric Analysis

The various performance (exergy & energy) parameters have been computed in
EES software using experimental data recorded and compared with theoretical results
for refrigerants considered.
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5.4.1.1 Effect of pressure ratio
The impact of pressure ratio (Pratio) between evaporator and condenser on COP,

EXE (7ex), TEXD rate (Ep rota) and EDR has been depicted in Fig.5.4 to 5.8
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Fig. 5.4 Variation in theoretical refrigeration effect(Qqrreo.), theoretical compressor
work (W, rneo.) and COP with pressure ratio (Pratio)

Fig. 5.4 illustrates the variation in pressure ratio (Prto) On theoretical
refrigeration effect(Q, rreo.), theoretical compressor work (W, rpe.) and COP. The
value of Q'e,Theo_, COP decreases and W, .. increases with increase in pressure ratio.

The compressor work is directly proportional to Pratio (W, = f(Prqtio))- The condenser
temperature increases with increase in P,,;;, for constant evaporator temperature of -
50C.

Fig. 5.5 depicts the impact of pressure ratio (Pratio) on experimental values of
refrigeration load (Q,,zxp.) and COP. The value of Q. s, and COPexp. decreases with

increase in the value of Pratio as the compressor work increases with increase in Pratio.
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The experimental value of COP lies between 0.02 and 0.1 for the refrigerants
considered. The values of COP of R1234ze and R134a coincide with each other in
theoretical analysis while experimental results show that values of COP for R1234ze
are lower than that of R134a.

Fig. 5.6 shows the comparison of experimental and theoretical exergetic
efficiency (Mex exp.. Mex,rheo.) With increase in Praio. The value of experimental and
theoretical EXE decreases with increase in Prtio. The value of refrigeration load
decreases and compressor work increases with increase in pressure ratio. Hence the
Nex Exp.. Nex,Theo. deCreases with increase in pressure ratio. The values of 7., 7pe,. for
R1234ze and R134a coincide with each other in theoretical analysis while the values of

Nex Exp.fOr R1234ze are lower than that of R134a in experimental analysis.
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Fig. 5.7 Impact of pressure ratio (Pratio) On theoretical TEXD rate (ED,Total,Theo.) and
EDR (EDRTheo.)
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Fig. 5.7 depicts the impact of Praio on theoretical TEXD (Ep Total Theo.) @Nd
EDR (EDRtheo). The value of Ep rotarTheo. decreases and EDRtheo. increases with
increase in Prtio. The TEXD rate is given by Y (Ep) =(ED)evp+(ED)Comp+
(ED)con .t (ED)cpt and the Ep, in every component decreases with increase in pressure
ratio. Consequently, the value of EDRTheo. increases as the EDRTheo. is given by EDR =
% It is observed that the value of ED,Total,Theo. iIs maximum for R134a and

P
minimum for R1234yf and EDRheo. Is maximum for and R1234yf and minimum for

R134a.
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Fig. 5.8 Impact of pressure ratio (Pratio) On experimental TEXD (ED_TotaLExp_) and
EDR (EDRexp)

Fig. 5.8 illustrates the impact of Pratio On experimental TEXD rate (ED,TotaLExp.)
and EDR (EDREexp.). The value of ED’TotaLExp_ decreases and EDREexp. increases with
increase in pressure ratio. The TEXD rate is given by Y1(Ep) = (Ep),, + (Ep),,,., +
(ED)con .t (ED)cpt and the Ep in each component of the system decreases with
increase in Pratio. Consequently, the value of EDRExp. increases as the EDRExp.. is given
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by EDR = % It has been observed that the value of ED,TotaLExp,and EDRExp. IS
P

maximum for R134a and R1234yf and minimum for R1234yf and R134a..

5.4.1.2 Effect of Evaporator Temperature
Impact of evaporator temperature (Te) on COP, EXE (n.,), TEXD (ED,Total)
and EDR (EDR) has been illustrated in Fig.5.9 to 5.13.
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Fig. 5.9 Variation in refrigeration effect(Q,rneo.), compressor work (W rpeo.) and
COP with temperature of evaporator (Te) for theoretical VCR system

Fig. 5.9 and 5.10 illustrate the effect of evaporator temperature (Te) on
theoretical and experimental values of refrigeration effect (Q.e,Th’eo.r Qe,Exp_), and
COPheo., COPExp.. The value of Q.e,Th.eo.r Qe,Exp. ANd COP1heo, COPexp. increases with
increase in temperature of evaporator. The value of compressor work decreases with

increase in temperature of evaporator for theoretical VCR system (Fig. 5.9). Thus, the

COP of the system increases with increasee in temperature of evaporator.
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Fig. 5.10 Effect of evaporator temperature (Te) on experimental refrigeration
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It has also been noticed that the values of Qe,Theo.' Qe,exp. are maximum for

R134a and minimum for R1234yf.
Fig. 5.11 depicts the impact of temperature of evaporator (Te) on theoretical and
experimental EXE (Mex theo. Nex,exp.)- The Value of 0.y rreo. Nex exp. deCreases with

increase in temperature of evaporator. The exergetic efficiency is giveny by ne, =

. To
Qe(1—x- ; ; 0 A .

M in which, the value of _1Qel e cop increases, however, the value of term
WCOmp comp

(1 — i—°) decreases with increase in evaporator temperature. Hence, the value of EXE
b

decreases. It has been noticed that the value of 1ey rheo, Mex,Exp. @re maximum for

R134a and minimum for R1234yf.
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Fig. 5.12 Impact of temperature of evaporator (Te) on TEXD rate (ED,Total,Theo.) and
EDR (EDRheo.) for theoretical VCR setup

Fig. 5.12 and 5.13 depict the impact of temperature of evaporator (Te) on
theoretical and practical values of TEXD ((Ep rotalTheos EpTotalgxp) and EDR
(EDRTheo., EDRExp.). The value of ED,TotaLTheo,increases and ED,TotaLEXp_ decreases with

increase in temperature of evaporator. However, the value of EDRtheo., EDRExp.
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increases with increase in temperature of evaporator. It has been notices that the
EDRheo. is maximum for R1234yf and minimum for R134a while EDREexp. is maximum
for R134a and minimum for R1234yf. EDRtheo., EDRExp. are mamimum for R1234yf

and minimum for R134a.
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Fig. 5.13 Impact of temperature of evaporator (Te) on TEXD rate (ED,TotaLprac) and
EDR (EDRExp.) for experimental VCR setup

5.4.1.3 Effect of Condenser Temperature

Effect of temperature of condenser (Tc) on COP, EXE (7.5), TEXD (Ep rotal)
and EDR has been illustrated in Fig.5.14 to 5.18.

Fig. 5.14 depicts that the value of Q'e_Theo_ and COP decreases and W, rpeo.
increases with increase in temperature of condenser. As the gap between evaporator
and condenser increases with increase in temperature of condenser, higher compressor
work is required to achieve the high temperature of condenser. The refrigerating effect
reduces due to higher temperature of saturated liquid refrigerant exiting form the
condenser. Hence, the value of Qe,Theo. decreases and Wc,Theo. increases with increase

in temperature of condenser.
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Fig. 5.14 Variation in refrigeration effect(Q,rneo.), COP and compressor work
(Wameo,) with condenser temperature (T¢) for theoretical VCR system
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Fig. 5.15 Impact of temperature of condenser (T¢) on refrigeration effect(Qe,Exp_), and
COPegxp. For experimental VCR setup
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Fig. 5.15 depicts the impact of temperature of condenser (T¢) on Qe,Exp_ and
COPexp.. The value of Q'e,Exp_, and COPeyp.. decreases with increase in Tc. As the value
of Tcincreases, the temperature of saturation liquid refrigerant is higher and thus the
refrigerating effect (Qe,Exp_) decreases. It has been noticed that the Q'e,Exp_, and COPEgxp.

are maximum R134a and minimum for R1234yf.
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Fig. 5.16 Impact of temperature of condenser (Tc) on COPtheo. and COPEyp

Fig. 5.16 depicts the impact of temperature of condenser (T¢) on COPtheo. and
COPexp. The value of COPheo. and COPEexp. decreases with increase in Tc. Refer to Fig.
5.14 the compressor work increases while the refrigeration load decreases with increase
in Te. It has been noticed that the value of COP is maximum for R134a and minimum
for R1234yf in theoretical as well as experimental VCR set up. The value of COP for
R1234ze lie between R134a and R1234yf in theoretical as well as experimental VCR
setup. However, the values of COP for R1234ze is more close to R134a in theoretical

VCR setup.
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Fig. 5.17 Impact of temperature of condenser (Tc) on EXE (Mex,rheo, Mex,mxp.) TOr
theoretical and experimental VCR setup
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Fig. 5.17 illustrates the impact of T. on theoretical and experimental EXE
(Mex,Theos Nex,Exp.)- The Value of Ney theo., Nex exp. dECTEAses with increase in condenser
temperature. It has been noticed that the value of 7.y rneo. Nex,Exp.iS Maximum for

R134a and minimum for R1234yf respectively.
Fig. 5.18 and 5.19 illustrate the impact of T on theoretical and experimental

TEXD rate  (Ep TotalTheo, EpTotalgxp.) @nd EDR (EDRheo, EDRexp). The value
ofEp Total Theo., EDRTheo. and EDREexp. increases and the value of ED,Total,EXp_ decreases
with increase in Tc. It has been seen that ED,Total,Theo_ is maximum for R134a and

minimum for R1234yf. ED,TotaLEXp_, EDRTheo. and EDRExp. are maximum for R1234yf
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Fig. 5.19 Impact of Tc on TEXD rate (ED_TotaLEXp_) and EDR (EDReyp.) for
experimental VCR setup

5.5. CONCLUSIONS

In this work, the detailed energy and exergy analysis have been carried out for
theoretical and experimental VCR setup. The comparison of two cycles is being

summarized as follows:
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The COP of theoretical and experimental VCR cycles decreases with increase
in pressure ratio and condenser temperature while increases with increase in
temperature of evaporator.

The percentage difference in COP and exergetic efficiency for experimental and
theoretical systems are 97.33% and 94% respectively at pressure ratio 10 for
R134a.

The exergetic efficiency of theoretical and experimental VCR cycles decreases
with increase in pressure ratio, temperature of evaporator and temperature of
condenser.

The total exergy destruction rate and exergy destruction ratio for theoretical and
experimental VCR setup increases with increase in pressure ratio and
temperature of condenser. However, experimental value of total exergy
destruction rate decreases with increase in temperature of evaporator.

The performance of R1234ze is closer to the R134a for theoretical as well as
experimental VCR cycle.

The % difference in the COP of R1234ze and R134a is 12.5% and 10% for
experimental and theoretical VCR system respectively.

Minor alternations are needed for drop-in replacement of R134a to the alternate
R1234yf and R1234ze in the experimental setup.
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CHAPTER 6

ENERGY  AND EXERGY  ANALYSIS OF VAPOUR
COMPRESSION-ABSORPTION (H20-LiBr) CASCADE
REFRIGERATION SYSTEM

6.1 INTRODUCTION:

In the current scenario, the energy, exergy, economy, environment and safety
strategies are the major issues which are being considered to evaluate the performance
of refrigeration systemsoperating either at loweror very low evaporator temperatures.
The low temperatures for cryogenics approaching 0 K, airconditioning around 0°C,
industrial refrigeration are -35 to -50°C and its applications such as freeze drying,
pharmaceuticals, chemical and petroleum industry use cascade refrigeration cycles
(ASHRAE_RO02_39Sl.pdf). The demand of refrigeration at the low evaporation
temperature is increasing which ranges from high heat flux electronics to rapid freezing,
frozen food and cold storage (Chen et al., 2017; Eini et al., 2016; Tassou et al., 2010).
Tassou et al. (2010) suggested that the refrigeration is a necessary part of the food chain
and to slow down the physical, chemical and microbiological activities that cause
deterioration in food, the food is frozen between -18 to -35°C. Generally, technologies of
mechanical refrigeration are invariably employed in these processes which either
contribute electricity consumption and environmental impact or low performance. These
processes include vapour compression refrigeration, half, single, double and triple effect
vapour absorption refrigeration. Although the performance of vapour compression
refrigeration cycle supersedes the others yet its electricity consumption is higher.

Thus, the lower temperature production, reduction in high grade energy
(electricity) and environmental safety are the significant challenges in the development
of advanced refrigeration and air-conditioning systems.

The current work presents the absorption compression cascade refrigeration
systems having triple, double, single and half effect VAR and simple VCR system. The
evaporator of VAR system is coupled to condenser of VCR system though a cascade heat
exchanger. Water-lithium bromide are proposed refrigerant-absorbent for VAR system
and R1234yf for VCR system. The detailed parametric analysis followed to energy and
exergy analysis has been carried out for the different configurations of absorption

compression cascade refrigeration system (ACCRS). The effect of various operating
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parameters viz. generator temperature, absorber temperature evaporator temperature has

been investigated on performance parameters.

6.2 DESCRIPTION OF VAPOUR COMPRESSION-ABSORPTION (TRIPLE
EFFECT SERIES FLOW H:0-LiBr) CASCADE REFRIGERATION
SYSTEM

Fig. 6.1 depicts the schematic diagram of absorption-compression cascade
refrigeration system (ACCRS). It comprises of a vapour compression refrigeration
(VCR) cycle and a triple effect HO/LiBr series flow vapour absorption refrigeration
(TESFVAR) cycle. The vapour compression refrigeration system (VCRS) is in the low
temperature section in which low temperature is achieved by using 1234yf as a
refrigerant and triple effect H.O-LiBr series flow vapour absorption refrigeration system
(TESFVARS) is in the high temperature section having Lithium Bromide (LiBr) as an
absorbent and water (H20) as a refrigerant.

The evaporator of vapour absorption refrigeration system (VARS) is coupled
with the condenser of VCRS i.e. the two cycles are coupled by a heat exchanger which
is designated as cascade heat exchanger (Che) in which evaporator of VARS absorbs the
heat of the condenser of VCRS. The low temperature is obtained in the evaporator of the
VCRS. The evaporator temperature of VCRS is lower than the VARS. This system can
be used for various applications such as deep-freezers, chillers, biomedical applications,
poultry industry etc.

The ACCRS comprises of an Evaporator, a Compressor, a Condenser and an
Expansion valve in VCRS circuit along with an Evaporator, an Absorber, a Pump, three
Solution heat exchanger (She 1, 2, 3), three Generators (‘Hpg’, ‘Mpg’ and ‘Lpg’) at high,
medium and low pressures, one Condenser, three Refrigerant throttle valves (Rtv 1, 2, 3)
and three Solution throttle valves (Stv 1, 2, 3). The condenser of VCRS is coupled to the
TESFVARS in such a way that the heat dissipated by it is absorbed by the evaporator of
TESFVARS. Thus the cascade system so obtained further produces cooling in the
evaporator of VCRS. The TESFVARS is a four pressure system. The generator units are
at high, medium and low pressures generate refrigerant vapour. The high pressure
generator (Hpg) can be operated by the waste heat available from thermal power plant
viz. steam turbine or gas turbine or an I.C. engine. The solar energy may also be used for

the purpose. This energy is used in the generators (i.e. Hpg, Mpg &Lpg) to generate
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refrigerant vapour. The COP of the TESFVARS is about three times that of a single effect
system.

The absorber and evaporator of TESFVAR cycle operate at same lowest pressure.
The strong solution is pumped from absorber to the high pressure generator through
solution heat exchanger (She 1, 2 and 3) from state points 5-9. The refrigerant vapours is
separated by high pressure generator at state point 19 which passes through medium
pressure generator from state 19-20 and then from state 20-21 throttled to the condenser
by refrigerant throttle valve 3 (Rtv3). The weak solution leaving Hpg form state 10-11
dissipates heat to the strong solution in the She3 and is throttled to medium pressure
generator from state 11-12 by solution throttle valve 3 (Stv3). The refrigerant vapour
generated in the Mpg is passed through low pressure generator from state 22-23 and after
that it is throttled to the condenser at state24 by Rtv 2. In this way, the solution flows in
series through three generators and generates refrigerant vapour. Thus the system is
known as triple effect HO-LiBr series flow vapour absorption refrigeration system
(TESFVARS). The weak solution obtained from Mpg is passed through She 2 and
dissipates heat to strong solution from state 13-14. It is throttled to Lpg from state 14-15
by Stv2. The refrigerant vapour obtained from the ‘Lpg’ is fed to the condenser. The
refrigerant vapour from the condenser 2 is throttled to evaporator 2 from state 26-27 by
Rtv 1. The refrigerating effect thus obtained in the evaporator, which is in the cascade
heat exchanger (Che) from state 27-28 produces cascading effect in the ‘Che’. Finally,
the refrigerant vapour enters to the absorber. The weak solution from ‘Lpg’ enters to the
Shel and dissipates heat to the strong solution from state 16-17. Finally, it is throttled to
absorber by 'Stv’ 1 from state 17-18. The cascade heat exchanger exchanges heat of
condenser 1 i.e. Q.4 of VCR cycle with the evaporator 2 of VAR cycle. The refrigerant
vapours of R1234yf at high pressure and temperature after compression from state 1-2
enters in the condenserl at state point 2. These vapours dissipate heat Q.4 to the
evaporator 2 in the Che from states 2-3a and gets transform in to subcooled liquid.
Further, from state 3-3a, the subcooling of liquid refrigerant occurs. The subcooled liquid
refrigerant is throttled to evaporator 1 at low temperature and pressure from state 3a-4 by
expansion valve. Finally, the low temperature vapours of refrigerants produces cooling

effect in the evaporator 1 from state 4-1.
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6.3 MATHEMATICAL MODELLING
6.3.1. Assumptions

The following assumptions have been considered to formulate steady flow
govening equations accounting the features of compression-absorption triple effect series
flow cascade refrigeration system except where the variation of physical parameters
involved.

e The state of refrigerant is dry and saturated at the entry of compressor at (state
point 1).

e The state of refrigerant at the exit of condenser of VCRS is saturated subcooled
liquid at state point 3a.

e Subcooling in the condenser 1of VCR is from state 3-3a.

e The expansion or throttling in the expasion valve, soultion throttle valve and
refrigerant throttle valve is isoenthalpic.

e Difference between the temperature of space to be cooled and temperature of
evaporator1 (AT=Ty-Tevc) is 10°C.

e The approach temperature or overlap temperature between evaporator 2 and
condenser 1 in the cascade heat exchanger (Toy =Tcond vc-Teva) is 5°C.

e Isentropic efficiency of compressor (1) is 80%

e The heat losses and pressure losses from the system and system components
are negligible. The whole system operates in steady state condition.

e The refrigerant of vapour compression cycle is R1234yf and the refrigerant
and absorbent of triple effect series flow vapour absorption cycle are water
(H20).and Lithium Bromide (LiBr).

e The reference values of entropy (so) and enthalpy (ho) are considred at ambient
or dead state conditions (To = 25°C, Po = 101.325kPa).

e The refrigerant vapour leaving the generator(s) (‘Hpg’, ‘Mpg’ and ‘Lpg’) is
superheated vapour at the generator temperature..

e Heat exchanger (s) effectiveness (€she1, &she2, Eshe3) 1S 0.7.

e The temperature of condenser 2 and absorber are equal.

6.3.2. Energy analysis
The following equations (6.1)-(6.3) express applications of the first law based

principles.
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Xy — X, =0 (6.1)
Y X — XX, =0 (6.2)
Y Q- X W =X 1i,h, — X rihy (6.3)
Whererin,X, W and Q are the rate of mass transfer, concentration of solution, work
transfer and heat transfer crossing the system boundary respectively. A computer
software based program in Engineering Equation Solver (EES)(Klein and Alvarado,
2012)has been developed to investigate system parameters viz. COP, exergetic
efficiency, total exergy destruction and exergy destruction ratio (EDR) etc. The
thermodynamic modeling has been divided in two sections energy and exergy
analysis.

The energy performance, based on first law of absorption compression triple stage
series flow cascade refrigeration cycle (ACCRC) is represented as coefficient of

performance (COP):

COp = —Qeve (6.4)

QHpg+Wp+WC
Where Q.yvc and W, are the net refrigerating effect and rate of compressor work of
VCRS and QHpgand W are the heat rate of high pressure generator and solution pump

work rate of TESFVARS respectively.

6.3.3. 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 (Arora and Kaushik, 2008; Bejan et al., 1996).
The total exergy (E) of a system is the sum of physical exergy (E™Y), kinetic exergy
(EXN), potential exergy (EPT) and chemical exergy (EH) (Bejan et al., 1996).
E = (E™)+ (E™)+ (E™))+ (E™") (6.5)
For the refrigerant flowing in a refrigerating system, the exergy is defined as follows
(Bejan et al., 1996):
E = 1ia.[(h — hp) — To(s — s)] (6.6)
where ho and so are the enthalpy and entropy values of the refrigerant at dead state

pressure Po 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, 2010):

Ep = Ein — Eout (6.7)
Where Ep, is the exergy destruction rate and E;, &E, are the total exergy at the inlet and

outlet by work, mass and heat.

6.3.3.1Total exergy destruction
Total exergy destruction of the system is the summation of exergy destruction in each
system component.

The total exergy destruction in compression-absorption triple effect serties flow
cascade refrigeration system is given by:

Ep,total = Ep,evc + Ep,comp + EpEx. valve T Ep,che T Epabs + Ep,pump + Ep,she1 +
Ep,shez + Ep,shes + Eppg + EpMpg + EpLpg + EpRrtvi + EDRtvz + EpRtva +

Epstv1 + Ep,stvz + Epstvs (ED)SWZ + Ep condz (6.8)

6.3.3.2Exergetic 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(Bejan et al., 1996):

_ZEBou _ 4 _ZEp (6.9)

nex Z Ein 2 Ein

Where n_ is the exergetic efficiency of the cycle. ¥ Ey, X Ein and X Ep are the total

exergy recovered, supplied and destructed respectively.
The exergetic efficiency of absorption-compression triple effect serties flow cascade

refrigeration system is given by:

Y(Ep) _ Qe"c|<1"$_g)|
(-7s) ()

WhereX,(Ep), is the totoal exergy destruction rate of the cascade system in kW,

I (6.10)

Nex, CASCADE ™

+Wp+W,

+Wp +Wc QHpg

QHpg

QHpg and Typgare the input heat in kW and temperature in C of the high pressure
generator and Wp and W, are solution pump work and compressor work in kW

respectively.Q. vcin KW is the rate of net refrigerating effect and Ty, is the temperature
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of space to be cooled in °Cof VCRS respectively.Tyis the ambient or dead state

temperature in °C.

6.3.3.3Exergy destruction ratio (EDR)
The EDR is the total exergy destruction in the system to the exergy in the products (Arora
and Kaushik, 2008) and is given by Eq. (6.11):

ED total 1
EDR=—"=—-1 A1
Ep Nex (6 )

The exergy destruction ratio is the rate of exergy destruction in a system
component (Ep ;) to the exergy recover rate of the fuel provided to the overall system
(Egtotar) OF the total exergy destruction rate within the system (Ep ;o:q;)(Bejan et al.,
1996).

EDR = —2i = _FDi (6.12)

EE,total ED,total

The exergetic destruction ratio (EDR) absorption compression triple effect series
flow cascade refrigeration system is given by:
EDRcascape = LD)T (6.13)

evel (172

Where Z(ED) is the rate of totoal exergy destruction of the cascade system in kKW, Q. vc
in KW is the rate of net refrigerating effect of vapour compression refrigeration system,
Ty, in °C is the temperature of space to be cooled and T, is the ambient or dead state
temperature in °C respectively.

The mass, energy and exergy balances relations of each component of
compression-absorption triple effect series flow refrigeration system based on

conservation principles are shown in Table 6.1.

Table 6.1 Mass balance, Energy balance and Exergy balance relations in individual
component of compression-absorption (triple effect H.O/LiBr series flow) cascade
refrigeration system

S. Components Energy parameters
No. Mass Energy balance
balance
1. | Evaporator 1 My Qoyc = yyc(hy —hy)
2. | Compressor M,y W, = myc(h, — hy)
3. | Condenser 1 My Qcond ve = Myyc (hz — h3,) = myya(hzg — hy7)
= Qeva
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4. | Expansion M,y myychs, = mpychy
valve
S. Cascade heat | 1y, Qcond ve = Myyc(hy — hgy) =y (hzg — hyy)
exchanger Mpye = Quva
(Che)
6. | Evaporator2 | gy, Qeva = tpya(hzg — ha7) = tiryc(hy — hsa)
i = Qconavc
7. | Absorber mg Qq = myyphygtmy, hjg — mghg
= Myya
+ r.nwl
8. | Solution g Wp = hg(hg — hs)
Pump
9. |Shel Mg, Myyq tiy (hye — hyy) = mg(h, — he)
10. | She 2 g, My iy, (hys — hyy) = mg(hg — hy)
11. | She 3 Mg, My3 thys (hyg — hy;) = my(hg — hyg)
12. | High pressure | iy Qupg = Myshyg + Mhyshyo — Mghg
Generator = M3
+ My,3
13. | Medium M3 Qupg = My3(hyg — hy)
pressure = my, = my,h,, + my,h;3 — my3h;,
Generator + my,,
14. | Low pressure | rhy,, QLpg = Myz(hy; — hys)
Generator = my = m,, h,c + my h;g — my,hys
+ r'hwl
15. |Rtv1 My Myyahpe=tyahyy
16. | Rtv 2 m,, my,hy3=mphy,
17. | Rtv 3 5 My 3hyo=y3hy;
18. | Stv 1 iy My hyy = My hig
19. | Stv 2 iy, My hyy = My,hyg
20. | Stv 3 My 3 myshyy = myshg,
21. | Condenser 2 My Qcondva = Myzhyy + Mhyohy, + My hys
_ rhrVAhZ6

Exergy parameters

Exergy destruction (Ep) Exergy destruction
ratio (EDR)
i i . To ) E
Epeve = Ex, + Qeve (1 - 72) - x, EDRyyc = 228
. b ' TO D,total
= erC(h4 - TOS4) + Qe vC (1 - T_b>
i - I."ﬂrvc (h.1 - T051)
ED,comp = EX1 + VVC - EXZ ) EDR. = ED,comp
= mpyc(hy — Tosy) + W ° Epotal
— tyyc(hy — Tos,)
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. . . To . EDR
Ep,cond1 = EXZ — Qcond ve (1 - ) - EX3a i cond Ve
condVC — D,cond1
= myc(hy — Tos,) Ep total
. To ’
- Qcond vC (1 - T )
] condVC
_ _— Myyc (h3a — ToS3a)
Ep Ex. valve = EX3a - EX4 ED.Rexp.valve
= My (h3a - TOSSa) — Myyc (h4 - TOS4) _ ED,EX. valve
: S Eptotal
ED,Che = EX2 + EX27 - EXSa - EX28 EDR _ ED,Che
= myc(hy — Tps,) + mpya(hyy — Toszy) Che = ¥
Nryc(hz = oSz rvalllz7 = 1oSz7 D,total
— thyyc(hg, — %)5351) — thyya (hyg — Tos2g) .
. . . 0 . E
Epeva = Ex,, + Qeva (1 T ) —Ex,, EDRyyps = = DevA
eVA D,total

. : To
= myya(hz7; — ToS27) + Qeva (1 T )
eVA

— thyya (hog - ToS28)

ED,AbS = EXlg + Eng - EX5

= r:nw1{(h18 —hg) — To(s15 — S0)} EDR, = Ep total
+ mya{(hg —ho) — To(s28 — S0)} '
: : — hg{(hs —hy) — To(ss — so)'} :
ED,Pump = EX5 - EX6 = rhs(hS - TOSS) - rils(hé - TOSG) (ED)Pump
EDRp = ———
D,total
Epsher = Ex, — Ex, + Ex,, — Ex,, = ms{(hg — Tys6) — EDR _ Ep,she1
(hy — Tos7) w1 {(hye — Tos16) — (hy7 — Tos17)} Shet ED,total
ED,SheZ = EX7 - Es + EX13 - Exl4 = rhs{(h7 — Tos7) — EDR _ ED,SheZ
(hg — Tosg) Mz {(hyz — Tos13) — (hyg — Tos14)} Shez ED total
ED,she3 = Es - E9 + Exw - Exn = mg{(hg — Tysg) — EDR _ ED,sheS
(hg — Toso)}+myz{(hyo — Tos10) — (hyy — Tos11)} Shes ED’total
. . . TO . . ED’H
Ep Hpg = E9 + Qupg (1 - T) —E;0 — Ex, EDRypg = P8
) pg D,total
= mg{(hg —hg) — To(sg — 50)}
+0 (1 To
P Thpg
- r?1w3{(h10 —hg) — To(S10 — S0)}
— m3{(hy9 — hg) — To(s19 — S0)}
ED,Mpg = Ej9 — Ego + E12 — Eq3 — Epp EDRw. — ED,Mpg
= my3{(hy9 — ToS19) — (h2o — ToS20)} Mpe ED total

+ mhy3{(h;; —hg) — To(s12 — S0)}
— 2 {(hy3 —hg) — To(s13 — S0)}
— i, {(hyz —hg) — To(s22 — s0)}
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ED,Lpg = Ej; — Eg3 + Eg5 — Ej6 — Egs EDR. .. = ED,Lpg
= r.hrz{(hzz — Tos22) — (a3 — Tosz3)} Lpe ED’total
+ mwz{(hm —hg) = To(s15 — $0)}
- mwl{(h16 —hg) — To(s16 — S0)}
i . —_mr1{(h25 —hg) = To(s25 — o)} .
Eprtvi = E26 — Ez7 EDR _ Ep rtv1
= mya{(hye — ToSz6) — (h27 — Tos27)} R B total
ED,RtVZ = Ep3 — Eps = myp{(hy3 — Tos23) — (hps — Tos24)} EDR _ ED,RtVZ
Rtv2 =
_ i _ ¥ ]?:D,total
Epreva = Ez0 — Ez1 = miz{(hgo — Tos20) — (hzy — Tosz1)} EDRon.. = Eprtv3
Rtv3 = %
i i i " ]?:D,total
Epstvi = E17 —Egg EDRew. = Ep stv1
= My1{(hy7 — Tos17) — (hyg — Tos18)} sl Ep total
ED,Stvz = E14 - E15 EDR _ ED,Sth
= Myz{(h14 — Tos14) — (hys — Tos15)} Stv2 Ep total
ED,Stv3 = E11 - E12 EDR _ ED,StVB
= My3{(hy; — Tos11) — (hyy — Tos12)} Stv3 Ep total
Ep,condz = Ez1 + Ez4 + Ez5 — Ez6 EDRcondva
= m3{(hz; — hg) — To(s21 — $0)} _ Ep condz
+ mrz{(h24 —hg) — To(s24 — S0)} ED total
+ mrl{(hZS —ho) — To(s25 — s0)}
— tiyya{(hys — ho) — To(sz6 — S0}

6.3.4. Model validation

Model validation has been carried out on comparing the results of present work
to the Arora et al. (2015)for the H.O-LiBr TESFVAR cycle. Fig. 6.2, 6.3 and Table 6.2
shows comparision of the results of two studies for model validation. The corresponding
vlaues of COP and exergetic efficiency of VARS thus obtained merely lie with in +3%
while compared to Arora et al. (2015)as shown in Fig. 6.2, 6.3 respectively. The COP
and exergetic efficiency of the VARS are 1.456 and 10.82% in the current work and
according to Arora et al. (2015), these were 1.456 and 11.17% at Ta = Tcondva=37.8°C ,
Thpg = 185°C, esne(s) =0.7 and rh,ya=1kg/s. The variation in the result is due to the
inclusion of irreversibilities of pump work in the present model. The comparison of
present work with Arora et al. (2015) for triple effect series flow vapour absorption
refrigeration cycle (TESFVARC) shows that the results are close to each other and the

values of heat rate (Q,) and work rate (W,) coincide to each other as shown in Table 6.2.
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Table 6.2 Heat rate (Q,) or work rate (W,) of components of ACCRS. Comparison of
present work with Arora et al. (2015) for H,O-LiBr TESFVARS (Ta = Teva =37.8°C ,
THpg = 1850C, Sshe(S) =0.7 and erAzlkg/S)

System components (i) Q,or W,
(kw)
Present work | Arora et al. (2015) Difference
(TESFVARS) (%)
Evaporator 1 1746 - -
Compressor 240.6 - -
Expansion valve - - -
Cascade heat exchanger 2355 - -
Absorber -2991 -2991 0
Solution Pump 2.26 2.26 0
She 1 699.7 699.7 0
She 2 1117 1117 0
She 3 1394 1394 0
Hpg 1615 1615 0
Mpg 855.8 855.8 0
Lpg 754.8 754.8 0
Rtv 1 - - -
Rtv 2 - - -
Rtv 3 - - -
Stv 1 - - -
Stv 2 - - -
Stv 3 - - -
Condenser 2 -981.9 -981.9 0

6.3.5. Input Parameters

The present work has been assessed by the first and second laws of
thermodynamics. The energy and exergy analysis of the absorption-compression triple
effect series flow cascade refrigeration system evaluates the performance of combined
system. The evaporator of vapour absorption system receives the heat of condenser of

vapour compression system such thatQ.va = Qcond ve. The overlap temperature (Tov) is
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the difference between temperature of isobaric condensation in the condenser of VAR
cycle and temperature of isobaric evaporation in the evaporator of TESFVAR cycle i.e.
Tov=Tcond vc-Teva at the heat exchanger of the cascade system. The mean temperature of
the heat exchange is Tnm.

Table 6.3 Input parameters considered except where the variation of physical parameters
involved (Arora et al., 2015)

S.No. | Input parameters Values

1. High pressure generator temperature (THpg) 185°C

2. Evaporator 2 temperature (Teva) 7.2°C

3. Condenser 2 temperature (Tcond va)] 37.8°C

4. Absorber temperature (Ta) 37.8°C

5. Mass flow rate of refrigerant (H20) in VARS (rh,y,) 1 kg/s

6. Evaporator 1 temperature (Tevc) -40°C

7. Degree of subcoolin((AT).)(3-3a) 50C

8. Condenser 1 temperature (Tcond vc) 12.2°C

9. Ambient or dead state pressure (Po) and temperature (To) | 101.325kPa & 25°C

6.4. RESULTS AND DISCUSSION

A computer software based code has been developed in Engineering Equation
Solver (EES) software application for the model described in section 2.1 above, to
evaluate the performance of absorption-compression (triple effect H.O-LiBr series flow)
cascade refrigeration cycle (ACCRC) on the basis of exergy and energy analysis. A
vapour compression refrigeration (VCR) cycle having R1234yf refrigerant is coupled
through cascade heat exchanger to triple effect series flow vapour absorption
refirgeration cycle (VAR). 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 program validation has been done and the results lie within +3% when compared

to Arora et al. (2015)asshown in Fig. 6.2, 6.3 and Table 6.3 respectively.

6.4.1. Results of energy analysis

Table 6.4 The thermodynamic properties (temperature (Tk), pressure (Px), concentration
of solution (Xx), mass flow rate (my), enthalpy (hx) and entropy (sk)) of ACCRS at state
pOintS (TeVA: 7.20C, Ta = TcVA :3780C s THpg = 1850C, TeVC = '400C, Sshe(S) :07)
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State | Tk Pk (kPa) | Xk (kg my, hk Sk
Points | (°C) abs/kg sol)  (kgs?) (kJkg?) |(kJkgtK)
(k)
1 -40 62.36 _ 13.81 336.6 1.603
2 12.2 468.5 _ 13.81 380.7 1.634
3 12.2 468.5 _ 13.81 215.2 1.056
3a 1.2 468.5 _ 13.81 210.1 1.033
4 -40 62.3 _ 13.81 210.1 1.062
5 37.8 1.016 0.5542 12.567 91.88 0.2288
6 37.8 287.5 0.5542 12.567 92.06 0.2288
7 65.38 287.5 0.5542 12.567 147.7 0.4018
8 107.7 287.5 0.5542 12.567 236.7 0.6481
9 159.3 287.5 0.5542 12.567 347.6 0.9203
10 185 287.5 0.5542 12.19 403.6 1.018
11 | 131.2 287.5 0.5713 12.19 289.1 0.7535
12 | 131.2 53.67 0.5713 12.19 289.1 0.7539
13 | 1321 53.67 0.5713 11.88 294.1 0.7399
14 | 85.74 53.67 0.5865 11.88 200 0.4941
15 | 85.74 6.558 0.5865 11.88 200 0.49419
16 |83.11 6.558 0.5865 11.567 201.6 0.4679
17 | 51.56 6.558 0.6021 11.567 1411 0.2901
18 | 51.56 1.016 0.6021 11.567 141.1 0.2901
19 185 287.5 0.6021 0.3096 2835 7.265
20 | 1321 287.5 0 0.3096 555.4 1.657
21 37.8 6.558 0 0.3096 555.4 1.82
22 11321 53.67 0 0.3149 2745 7.822
23 |83.11 53.67 0 0.3149 348 1.112
24 | 37.8 6.558 0 0.3149 348 1.153
25 |83.11 6.558 0 0.3755 2655 8.555
26 | 37.8 6.558 0 1 158.3 0.5428
27 7.2 1.016 0 1 158.3 0.5661
28 7.2 1.016 0 1 2514 8.968
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6.4.2 Results of exergy analysis

Table 6.5 Exergy results of ACCRS. (Ta = Teva=37.8°C, Trpg = 185°C, &she(s) =0.7
and my,=1kg/s)

System components (i) Eini Eouti
(kW) (kW)

Evaporator 1 -1469 -2347
Compressor -1343 -1468
Expansion valve -1349 -1349
Cascade heat exchanger -1478 -1509
Absorber 471.2 297.4
Solution Pump 299.7 299.7
She 1 1018 982.1
She 2 1224 1171
She 3 1762 1706
Hpg 1484 1468
Mpg 1035 1026
Lpg 755.5 755.4
Rtv 1 -3.533 -10.47
Rtv 2 5.169 1.346
Rtv 3 23.06 4.811
Stv1 785.6 784.3
Stv 2 625.9 625.6
Stv 3 631.2 631.2
Condenser 2 38.58 -3.533

6.4.3 Parametric Analysis

The performance of absorption-compression (triple effect HO-LiBr series flow)
cascade refrigeration cycle (ACCRC) depends on various operating variables. The
selection of operating variables plays significant role in the energy and exergy
performance analysis of ACCRC. The effect of significant operating variables viz. high
pressure generator temperature, absorber temperature and evaporator temperature of

VCR cycle on thermodynamics and exergetic performance of ACCRC have been
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explored. The only one variable has varied while others have been kept constant at their

base value during the parametric analysis.

6.4.3.1. Effect of high pressure generator temperature

The effect of generator (THpg) On various system and performance parameters i.e.
mass flow rate of strong solution (rg), weak solution leaving HP generator (1,,3),
concentration of strong solution (X,), weak solution leaving HP generator (X,,3), MP
generator (X,,») and LP generator (X,,;), difference of weak solution and strong solution
concentration (X,,; — X,), heat input to HP generator (QHpg), solution pump work (Wp),

solution circulation ratio (SCR), COP, exergetic efficiency (n, ), total exergy destruction

rate (Ep, wtal) and exergy destruction ratio (EDR) is shown in figures 6.4 to 6.9.
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Figure 6.4Effect of HP generator temperature (Thpg) ON various parameters i.e. mass
flow rate of strong solution (mg), weak solution left from HP generator (m;),
concentration of strong solution (X,), weak solution left from HP generator (X,;), MP
generator (X,,,) and LP generator (X,,;), difference of weak solution and strong solution
concentration (X,; — X,), heat input to HP generator (QHpg), solution pump work (W)
(Teva=7.2°C, Ta = Teva=37.8°C, Ta = Teva, Teve = -40°C, esne(s) =0.7)

- O

Fig. 6.4 represents the effect of Thpg On strong solution concentration (Xs),
concentration of weak solution leaving HP generator (X,3), MP generator (X,,,), LP

generator (X,y,), difference in X,,; and X i.e.(X\y3 — Xs), mass flow rate of strong
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solution (rng), weak solution leaving HP generator (m,,3), heat input to HP generator

(QHpg) and solution pump work (Wp).

The X, remains constant and the values of X,,3, X\2,Xw1 and (X,,3 — Xs)increase
with increase in HP generator temperature The value of (Xs) does not change with
increase in HP generator temperature because the strong solution concentration (Xj)
depends upon absorber temperature (T2) and pressure (Pa). Since the values of T, and Pa
are assumed constant, hence X remains constant. However, the values of X3, Xu2, Xw1
and (X3 — Xs) increases with increase in HP generator temperature. This is due to the
fact that at higher temperature and pressure, more refrigerant vapours are generated form
the absorbent-refrigerant solution consequently, the amount of absorbent increases which
increases the solution concentrations (X, 3, X, and X,;). It has been observed that the

rate of increase of (X,,3 — X) IS more than the X,y 3.

It can also be observed that the mass flow rate of strong solution (1), weak
solution leaving HP generator (rm,,3), heat input to HP generator (QHpg) and solution

pump work (Wp) decreases with increase in HP generator temperature. The mass flow

. . . . . X .
rate of strong solution is given by the relation mg = 2 ng X myya. The mass flow rate

w3 S

of refrigerant m,y5=1 kg/s (Table 2) which is constant and the rate of increase in
(Xw3 — Xs) is more than the X,,3, thus mg decreases with increase in Thpg. The
conservation of mass-concentration is given by equation (6.2) (i.e. m,,3 X,3= mgX;) in
which g decreases, X remains constant and X, ;increases with increase in Trpg results

decrease in m,, ;. With the decrease in 00, the QHpg andWp decrease with increase in

HP generator temperature because QHpg and Wp both are directly proportional tors.
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Figure 6.5 Effect of absorber temperature (Ta) on various parameters i.e. mass flow rate
of strong solution (m), weak solution left from HP generator (m,,3), concentration of
strong solution (X;), weak solution left from HP generator (X,,3), MP generator (X,,,)
and LP generator (X,,,), difference of weak solution and strong solution concentration
(Xws — Xs), heat input to HP generator (Qyp,g), solution pump work (Wp) (Teva = 7.2°C,
Thpg =185°C, Ta = Teva, Teve = -40°C, gsne(S) =0.7)

Figure 6.5 illustrates that the strong solution concentration (Xg) and the
concentration of weak solution leaving HP generator (X,,3) increases and the
concentration of weak solution in MP generator (X,,,), LP generator (X,,,) and difference
in X,y3 and X i.e.(X,,3 — X;) decrease with increase in absorber temperature. It has been
observed that the mass flow rate of strong solution (rg), weak solution left from HP
generator (m,,3), heat input to HP generator (QHpg) and solution pump work (Wp)
increase with increase in absorber temperature.

The values of X, and X,, 3 increase with increase in absorber temperature as the
solution concentration (X) is directly proportional to T (i.e. X=f(T,P)). It is the fact that
at low pressure and high temperature, more amount of absorbent dissolves in the solution

in the absorber. It can also be observed that the X,,, andX,,; decrease.
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It has been observed that the value of X, increases and (X,,5 — X,) decreases

with increase in absorber temperature. Thus, the value of g, which is given by the

relation mg = st X mpya, Increases with increase in absorber temperature
w3 s

consequently, the 3, QHpg and Wp, which are directly proportional to rhg increase

with increase in absorber temperature.
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Figure 6.6 Variation of solution circulation ratio (SCR), with HP generator temperature
(Thpg) at different absorber temperatures (Teva= 7.2°C, Ta = Teva, Teve = -40°C, gshe(S)
=0.7)

Fig. 6.6 presents the variation in solution circulation ratio (SCR) with HP
generator temperature (Twhpg) for different absorber temperatures of absorption
compression cascade cycle (ACCRC). For a considered value of absorber temperature,
the SCR decreases with increase in HP generator temperature. It has been observed that
the SCR declines rapidly at the absorber temperatures above 37.8°C and 40°C. The value
of X does not change whereas X,,; increases and the g decreases with increase in HP

generator as shown in Fig. 6.4.
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. . . . . Mass flow rate of strong solution
Thus, the solution ciculation ratio (i.e. SCR = d B 0 =
Mass flow rate of refrigerant

M

) reduces with increase in HP generator temperature. It can also be observed that the

mryva

SCR decreases slightly with increase in HP generator temperature at the absorber
temperature below 37°C. It is noticed that the maximum and minimum values of SCR
are 61.1 and 3.174 at 175°C, 40°C and 200°C, 25°C HP generator and absorber

temperature respectivley.
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Figure 6.7Variation of COP with HP generator temperature (Thpg) at different absorber
temperatures (Teva= 7.2°C, Ta = Teva, Teve = -40°C, esne(S) =0.7)
*’A’ stands for the triple effect series flow vapour absorption system and ‘C’ for
absorption compression cascade system

Fig. 6.7 shows the effect of HP generator temperature (THpg) On COP at various
absorber temperatures. The value of COP of absorption compression (triple effect
H>O/LiBr series flow) cascade refrigeration cycle (ACCRC) increases with increase in
HP generator temperature for absorber temperatures 37.8°C and 40°C.The COP of
absorption compression cascade system is given by equation (6.4) which comprises of
two factors, refrigerating effect (Qevc) and input energy(Qupg + Wp + W,).

The pump work Wpis negligible. It has been observed that the solution circulation

ratio (SCR =

mms ) decreases with increase in HP generator temperatue as shown in Fig.
rVA
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6.6. At absorber temperature of 40°C, with the increase in Trpg, the rate of reduction of
SCR is higher. At lower value of Twpg i.6.175°C, this causes heat input to HP generator
(QHpg) to get enhanced as shown in Fig. 6.6. Since QHpg is directly proportional to mg
which is higher for higher SCR and with the increase in HP generator temperature, QHpg
decreases sharply. It is observed that with change in HP generator temperature, the
Q.vcandW, remain constant. Hence the COP of the cascade system increases rapidly
with the increase in HP generator temperature for absorber temperatures 40°C.

The COP of cascade system increases slightly at absorber temperature 37.8°C
with the increase in HP generator temperature. The rate of reduction in SCR is lower with
the increase in Thpg. That is why the increase in COP is negligible. It can also be
oberserved that the QHpg increases with increase in HP generator temperature at absorber
temperatures 25°C and 30°C which results decrease in the COP of cascade system with
increase in HPgenerator temperature at absorber temperatures 25°C and 30°C. However,
It is noticed that at absorber temperature 35°C, the QHpg first decreases and then increases
with the increase in HP generator temperature. Thus the COP of the cascade system first
increases and then decreases with the increase in HP generator temperature. It is also
noticed that the that the value of Q.y, decreases consequentlyQ.ycand W decreases with
increase in absorber temperature which causes decrease in the COP of cascade system
with the increase in observer abosrber temperature. It can be observed that the COP of
the absorption compression cascade system is lower than the VARS. The maximum and
minimum values of COP observed are 0.944 and 0.4653 for ACCRS and 1.899 and 0.749
for VARS at 175°C of generator and 25°C and 40°C of absorber temperature respectively.
The COP of the ACCR cycle increases with increase in Trhpg at absorber temperature
more than 35°C. However the system COP is less than the TESFVAR cycle.
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Figure 6.8 Variation of exergetic efficiency (nex) with HP generator temperature (THpg)
at different absorber temperatures (Teva= 7.2°C, Ta = Teva, Teve = -40°C, gshe(S) =0.7)
**A’ stands for the triple effect series flow vapour absorption system and ‘C’ for
absorption compression cascade system

Fig. 6.8 illustrates the effect of HP generator temperature (Typg) ON exergetic
efficiency (ney)at various absorber temperatures (T,). The exergetic efficiency of
absorption compression cascade system (ACCRS) increases with increase in HP
generator temperature for an absorber temperature of 40°C. The exergetic efficiency of

cascade system is given by the equation (6.10) which depends on two factors, one is

) and other is input exergy( Qupg |<1 - Ti>| +Wp +

. To
exergy output (Qevc |(1 - ﬁ) -~
W,). It is observed that the pump work Wpdoes not vary much with Thpg as shown in Fig
6.4 and there is no change in the values of Q.yc and W, with the change in Thpg- The

term (Qeve |(1 - %) ) is constant with the change in Hp generator temperature as Q oy

is also constant. At an absorber temperature of 40°C,

remains constant and |(1 — i—")
b
with the increase in HP generator temperature, the value of Qg decreases as shown in

Fig. 6.5 because QHpg is directly proportional to mg which is higher for higher SCR i.e
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.ms and the term |(1 _ o >

mryva Hpg

increases because Typg is greater than T,. Thus the

exergetic efficiency of the absorption compression cascade system increases with

increase in Ty, at absorber temperature of 40°C.
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Figure 6.9Variation of total exergy destruction (Ep, ww) and EDRwith HP generator
temperature (Twpg) at different absorber temperatures (Teva= 7.2°C, Ta = Teva, Tevc = -
400C, Sshe(S) :O7)

Fig. 6.9 presents the effect of HP generator temperature (Typg) On total exergy

destruction rate (Ep, ww) and exergy destruction ratio (EDR) at various absorber
temperatures of absorption compression cascade cycle. The Ep, ot and EDR decreases
with increase in HP generator temperature at absorber temperatures 37.8°C and 40°C. It
has been observed that the total exergy desturction rate Ep, wt Of the cascade cycle
increases with increase in HP generator temperature for absorber temperatures 25°C,
30°C and 35°C due to increase in irreversibility of system components at higher
temperature. The increase in HP generator temperature reduces the SCR at absorber
temperatures of 37.8°C and 40°C as shown in Fig. 6.6. Which reduces the exergy
destruction rate of HP generator, absorber and condenser. Thus for the absorber
temperature higher than the 35°C, total exergy destruction rate decreases with increase

in HP generator temperature. EDR of absorption compression cascade cycle is given by
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the Eq. 6.13 in which the term Q.yc |(1 — ;—0)

b

remains constant with the change in HP
generator temperature. Cosequently the EDR, which is the ratio of Ep, to and

Qeve|(1-72)

generator at various absorber temperatures.

, follows the same trend of Ep, ttar curve lines with the increase in HP

6.4.3.2. Effect of evaporator 1 temperature

The effect of evaporatorl temperature (Tevc) on COP, exergetic efficiency (ey),
total exergy destruction rate (Ep, wtar) and exergy destruction ratio (EDR) has been shown
in figures 6.11 to 6.13.

1.2

COP

TeVC (OC)

Figure 6.10Effect of evaporator 1 temperature (Tevc) on COP at different generator
temperatures (Teva= 7.2°C, Ta = Teva= 37.8°C, &sne(S) =0.7)

Fig. 6.10 shows the effect of evaporatorl temperature on COP at various

generator temperatures. The COP of the ACCRC increases with increase in evaporatorl
temperature. The COP of absorption compression cascade system is —Qeve (Eq.
(Qupg+Wp+W)

6.4), in which the compressor work (W,) decreases and the specific refrigerating effect

(%) increases with increase in evaporatorl temperature (Tevc) as observed for a VCR
rvc
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cycle (Arora and Kaushik, 2008)Moreover, the Wp is negligible and the variation in Tevc
does not change the value of QHpg. Due to which, COP of the cascade system increases
with increase in evaporatorl temperature (Tevc). It has been observed that the COP of
the cascade cycle is higher for higher HP generator temperature with increase in Tevc. It
is due to that the value of QHpg decreases with increase in Thpg (Fig. 6.5). The maximum
and minimum values of COP observedare 1.191 and 0.6418 at 200°C and 175°C of
generator and -10°C and -50°C of evaporatorl temperature respectively.

0.35 . . .

0.3

Nex

—e—Typg = 175°C
—-#-=Typg = 180°C
—+—Typg = 185°C
-——Typg = 190°C
0.25| — ™ ~Thpg = 195°C
-—x ~Tiypg = 200°C

-50 -40 -30
TeVC (OC)

Figure 6.11Effect of evaporator 1 temperature (Tevc) on exergetic efficiency (ney)at
different generator temperatures (Teva = 7.2°C, Ta = Teva= 37.8°C, &sne(S) =0.7)

Fig. 6.11 presents the effect of evaporatorl temperature (Tevc) on exergetic
efficiency (nex) at various generator temperatures. The exergetic efficiency of the

ACCRC decreases with increase in Tevc. The exergetic efficiency (neyx) of the cascade

a2

Tp
1_T_0
THpg

increase in Tevc (Assumption (5), i.e. (AT=Ty-Tevc) = 10°C) as the value of Ty< To. The

term |(1 _To )
Thpg

be concluded that the n.,0f the cascade cycle decreases with increase in Tevc. Moreover,

(Eg. 6.10) in which the term |(1 _ 1_0)

b

decreases with

cycle is

QHpg +Wp+W,

remains constant with the variation of Tevc and refer to Fig. 6.10, it can
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it has been observed that the exergetic efficiency is higher for higher HP generator

temperature with increase in Tevc. Refer to Fig. 6.4, the value of QHpg decreases and the
T
mi(1—=— )
te ’( THpg

(1-7)
THpg
values of ne,0bserved are 0.3453 and 0.2314 at 190°C and 175°C of generator and -50°C

and -10°C of evaporatorl temperature respectively.

increases (as Trpg > To) With increase in Twpg, the value of Qppg X

reduces and hence the nxis higher for higher THpg.Maximum and minimum
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Figure 6.12 Variation of total exergy destruction rate (Ep, wt) and exergy destruction
ratio (EDR) with evaporator 1 temperature (Tevc) at different generator temperatures
(TeVA: 7.200, Ta = TcVA = 3780C, Sshe(S) :07)

Fig. 6.12 illustrates the effect of evaporatorl temperature (Tevc) ontotal exergy
destruction rate (Ep, wta) and exergy destruction ratio (EDR) at various generator
temperatures. The Ep, ot decreases and EDR increases with increase in evaporator 1
temperature. With the increase in Tevc, the value of Tevc approaches to ambient
temperature To. By which the exergy recovered is more than the exergy destructed in
various system components. Moreover, refer to Fig. 6.11, exergetic

efficiency(ney)decreases with increase in Tevc i.e. the rate of exergy recovered from the
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system component decreases. Hence total exergy destruction rate (Ep, tota) decreases with
the increase in Tevc. It can be observed that the values of Ep, ttar and EDR are higher at
lower generator temperatures with increase in Tevc because the heat input to HP
generator (QHpg) Is more at low value of Thpg (Fig. 6.4). The maximum and minimum
values of Ep, ot Observed are 886.7 kW and 609.6 kW at 175°C and 190°C of generator

and -50°C and -10°C of evaporatorl temperature respectively.

6.4.3.3 Exergy destruction rate & EDR of system components
Fig. 6.13 & 6.14 illustrate the exergy destruction rate (Ep) and percentage exergy

destruction ratio (%EDR) of absorption compression cascade system components.
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Figure 6.13 Exergy destruction rate (Ep) in various components of ACCRC

Fig. 6.13 and 6.14 show the exergy destruction rate (Ep) and exergy destruction
ratio (%EDR) in various components of ACCRC.The values of Ep and %EDR are highest
in the absorber (Abs) and lowest in the solution pump. It is due to that the solution pump
work is negligible and exergy recovered in the absorber is small. The compressor,
expansion valve and evaporator 1 are also the next sites of higher exergy destruction after
absorber. On the other hand, the low pressure generator (LPG) is the next site of lower

exergy destruction after solution pump. It has been observed that the medium pressure
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generator(Mpg), high pressure generator (Hpg), cascade heat exchanger, condenser 2,
solution heat exchanges 1,2 & 3 (She 1,2 &3) are the sites where considerable amount of
exergy has been recovered. . Compressor and evaporator 1 are also sensitive sites in
which considerable amount of exergy destruction take place. However, cascade heat
exchanger (Che) and condenser 2 recover handsome amount of exergy. Various

refrigerant and solution vales have negligible exergy destruction.
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Figure 6.14 %Exergy destruction ratio(% EDR) of various components of ACCRC

6.5 CONCLUSIONS

e The elecricity consumption of triple effect cascade system (ACCRS) is reduced by
45.84 % as compared to VCRS. Moreover the COP of the vapour compression cirucuit
gets increased by 85.26% due to low electric power consumption. When compared to
compression-absorption single and double effect cascade systems, the COP of triple
effect cascade system lies between them.

¢ In addtion, the triple recovery of waste heat or use of renewable source of heat reduces
the system running cost as the waste heat is available at low cost and renewable energy

is free of cost. However, the overall size of the system increases.
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The enhancement in the exergetic efficiency of VCR cirucit of ACCRS is 85.28% and
the reduction in tota exergy destruction is 70.8%. It is also established that the
exergetic efficiency of triple effect cascade system is highest in comparison to single
and double effect cascade systems.

The larger value of approach in the cascade heat exchanger reduces the COP and
exergetic efficeincyof the system.

The increase in HP generator temperature increases the COP and exergetic efficiency
of the system at absorber temperature 37.8°C and 40°C because of solution circulation
ratio decreases. However, the total exergy destruction and exergy destruction ratio
(EDR) decrease.

The energetic (COP) and exergetic (nex) performance of the system fall with increase
in absorber temperature due to increase in solution circulation ratio (SCR). The exergy
destruction and exergy destruction ratio (EDR) register increment.

The system COP increases and exergetic efficiency decreases with increase in
evaporator 1 temperature for a range of generator temperature. Similarly, the exergy
destruction (EDR) ratio increases and the total exergy destruction of the system
decreases.

The solution pump is the site of zero exergy destruction while absorber is the main
component in which the exergy destruction is highest in comparison to other system
components. After solution pump, lower pressure generator (LPG) recovers the major
part of exergy.

The use of R1234yf in low temperature VCR circuit of ACCRS establishes an the eco-
loving agreement.

In the light of above discussion, it is inferred that the absorption compression
(triple effect series flow) cascade system (ACCRS) is performing best among the systems
considered. The electricity saver, cost effectiveness and eco-friendship are the
unmatched features of the system associated to fulfil need of low cooling applications.
However, the larger size of the system is manageable task.

6.6 DESCRIPTION OF VAPOUR COMPRESSION ABSORPTION (DOUBLE
EFFECT SERIES FLOW H20-LiBr) CASCADE REFRIGERATION
SYSTEM
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Fig. 6.15 shows the schematic diagram of absorption-compression cascade
refrigeration system (ACCRS). It comprises of a vapour compression refrigeration
(VCR) cycle and a double effect H.O-LiBr series flow vapour absorption refrigeration
(DESFVAR) cycle. The vapour compression refrigeration system (VCRS) is in the low
temperature section in which low temperature is achieved by using 1234yf as a
refrigerant and double effect H,O-LiBr series flow vapour absorption refrigeration
system (DESFVARYS) is in the high temperature section having Lithium Bromide (LiBr)
as an absorbent and water (H-O) as a refrigerant.

The evaporator of vapour absorption refrigeration system (VARS) is coupled
with the condenser of VCRS i.e. the two cycles are coupled by a heat exchanger which
is designated as cascade heat exchanger (Che) in which evaporator of VARS absorbs the
heat of the condenser of VCRS. The low temperature is obtained in the evaporator of the
VCRS. The evaporator temperature of VCRS is lower than the VARS. This system can
be used for various applications such as food preservations, medicine preservations, cold
storage and industrial refrigeration etc.

The ACCRS comprises of an Evaporator, a Compressor, a Condenser and an
Expansion valve in VCRS circuit along with an Evaporator, an Absorber, a Pump, two
Solution heat exchanger (She 1 & 2), two Generators (‘Hpg® & ‘Lpg’) at high and low
pressures, one Condenser, two Refrigerant throttle valves (Rtv 1 & 2) and two Solution
throttle valves (Stv 1 & 2). The condenser of VCRS is coupled to the DESFVARS in
such a way that the heat dissipated by it is absorbed by the evaporator of DESFVARS.
Thus the cascade system so obtained further produces cooling in the evaporator of VCRS.
The DESFVARS is a three pressure system. The generator units are at high and low
pressures generate refrigerant vapour. The high pressure generator (Hpg) can be operated
by the waste heat available from thermal power plant viz. steam turbine or gas turbine or
an I.C. engine. The solar energy may also be used for the purpose. This energy is used in
the generators (i.e. Hpg &Lpg) to generate refrigerant vapour. The COP of the
DESFVARS is about two times that of a single effect system.

The absorber and evaporator of DESFVAR cycle operate at equal and lowest
pressure of the cycle. The strong solution is pumped from absorber to the high pressure
generator through solution heat exchanger (She 1 & 2) from state points 5-7 and 15. The
refrigerant vapours is separated by high pressure generator (Generatorl) at state point 19
which passes through the low pressure generator (Genertor2/Condenser3) from state

point 19 to 20 and then it is throttled from state 20-21 to the condenser2 by refrigerant
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throttle valve 1 (Rtv1l). The weak solution leaving Hpg form state 16-17 dissipates heat
to the strong solution in the She2 and then it is throttled to low pressure generator
(Generator2/Condenser3) from state 17-18 by solution throttle valve 2 (Stv2). The
refrigerant vapour generated in the Lpg (Generator2/Condenser3) is throttled to the
condenser2 from state 20-21 by Rtv2. In this way, the solution flows in series through
two generators and generates refrigerant vapour. Thus the system is termed as double
effect HO-LiBr series flow vapour absorption refrigeration system (DESFVARS). The
weak solution obtained from Lpg (Generator2/Condenser3) is passed through She 1 and
dissipates heat to strong solution from state 8-9. From where, it is throttled to absorber
from state 9-10 by Stvl. The refrigerant vapour obtained from the Lpg
(Generator2/Condenser3) is fed to the condenser. The refrigerant vapour from the
condenser 2 is throttled to evaporator2 from state 12-13 by Rtv 2. The refrigerating effect
thus obtained in the evaporator2, which is in the cascade heat exchanger (Che) from state
12-14 produces cascading effect in the ‘Che’. Finally, the refrigerant vapour enters to the
absorber. The weak solution from Lpg (Generator2/Condenser3) enters to the Shel and
dissipates heat to the strong solution from state 8-9. Finally, it is throttled to absorber by
'Stv’ 1 from state 9-10. The cascade heat exchanger exchanges heat of condenser 1 i.e.
Q.va Of VCR cycle with the evaporator 2 of VAR cycle. The refrigerant vapours of
R1234yf at high pressure and temperature after compression from state 1-2 enters in the
condenserl at state point 2. These vapours dissipate heat Q,y 4 to the evaporator 2 in the
Che from states 2-3a and gets transformed in to subcooled liquid. From state 3-3a, the
subcooling of liquid refrigerant occurs. The subcooled liquid refrigerant is throttled to
evaporator 1 at low temperature and pressure from state 3a-4 by expansion valve. Finally,
the low temperature vapours of refrigerants produces cooling effect in the evaporator 1
from state 4-1.

The energy and exergy performance analysis of the absorption-compression
(double effect) cascade refrigeration system (ACCRS) is presented by Colorado and
Rivera (2015). The working fluids in the VAR system are H>O-LiBr and in the VCR
system is R134a. The waste heat available in the generator of VAR system reduces the

electricity consumption of the VCR system for the same refrigeration load.
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Figure 6.15 Schematic diagram of absorption-compression (double effect H.O/LiBr
series flow) cascade refrigeration system (ACCRS)

6.7 DESCRIPTION OF VAPOUR COMPRESSION ABSORPTION (SINGLE
EFFECT H20-LiBr) CASCADE REFRIGERATION SYSTEM
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Fig. 6.16 presents the schematic diagram ofabsorption (H20-LiBr single effect) -
compression (R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC).
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Figure 6.16 Schematic diagram of absorption-compression (single effect H>O/LiBr
series flow) cascade vapour refrigeration cycle (ACCVRC)
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It comprises of single effect vapour absorption refrigeration (VAR) system using
water as refrigerant and Lithium-Bromide absorbent and vapour compression
refrigeration (VCR) system using R1234yf, R1234ze refrigerants. The single effect VAR
IS in comparative higher temperature section and cools the condensate of VAR section
which is in lower temperature section. The evaporator of VAR cycle is coupled to the
condenser of VCR cycle such that the net refrigeration is obtained in the evaporator of
VCR cycle.

The VAR cycle comprises of an evaporator which serves as cascade heat
exchanger, a generator, a condenser, an absorber, a solution pump, a solution heat
exchanger, a solution throttle valve and a refrigerant throttle valve. VAR cycle comprises
of an evaporator, a compressor, a condenser or cascade heat exchanger and a expansion
valve.

The generator of VAR cycle receives low grade heat either from the exhaust of
gas turbine cycle, steam turbine cycle (Rankine cycle) or solar collector. The refrigerant-
absorbent solution gets separated in the generator and the saturated vapour of refrigerant
leaving the generator and enters into the condenser at state pointll. The phase of
refrigerant converts from saturated vapour to liquid in the condenser2 and the liquid
refrigerant leaving the condenser2at state point 12 is expanded by a refrigerant throttle
vale (Rtv) at state point 13. The low temperature liquid-vapour mixture of refrigerant
enters into the evaporator2 of cascade heat exchanger (Che). The heat of condenserlis
absorbed by the refrigerant of evaporator 2 such that QeVVA=Qcvc.The refrigerant vapour
leaving the evaporator2 enters the absorber at state point 14. The weak solution of H2O
and LiBr leaving the solution throttle valve (Stv) enters the absorber at state point 10.
The strong solution of water and lithium bromide is pumped from absorber at state point
5 to solution heat exchanger (She) at state point 6 by a solution heat pump. The strong
solution of refrigerant and absorbent solution receives heat from weak solution in the She
and the strong solution leaving the She enters into the generator at state point 7. The weak
solution of refrigerant and absorbent leaving the generator at state point 8 enters into the
She at state point 9 and finally expanded to absorber at state point 10.

The liquid refrigerant (R1234yf or R1234ze) of condenserl which dissipates heat
to the evaporator2 in the cascade heat exchanger leaving the condenserlenters into the
expansion valve at state point 3. The liquid refrigerant gets sub-cooled at state point 3.
The sub-cooled liquid refrigerant is expanded from state 3 to state 4 by a expansion valve.

The low temperature liquid vapour mixture of refrigerant (R1234yf or R1234ze) enters
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into the evaporatorl and produces cooling effect. The liquid vapour refrigerant mixture
receives heat and transformed into saturated vapour at state point 1. The saturated vapour
refrigerant leaving the evaporatorl enters into the compressor at state point 1. The
saturated vapour refrigerant is compressed from state 1 to 2 by a compressor and the high
pressure and high temperature refrigerant vapour enters into the condenserl at state point
2.

Thus the VAR and VCR coupled together through cascade heat exchanger by
which the evaporator2 of VAR cycle absorbs the heat of condeserl of VCR cycle and the
net refrigeration is obtained in the evaporatorl of VCR cycle subsequently the low

temperature is also achieved in the evaporatorl of VCR cycle.

6.8 MATHEMATICAL MODELLING

The current work presents the thermodynamic analysis of absorption (H20-LiBr
single effect) -compression (R1234yf, R1234ze) integrated vapour refrigeration cycle
(ACIVRC). The two cycles are coupled through the cascade heat exchanger (Che) in
such a way that the net refrigeration is achieved in the evaporatorl of VCR cycle. The
eco-sustainable HFOs (R1234yf and R1234ze) have been considered in VCR cycle. A
computational code has been developed in the Engineering Equation Solver (EES)
software (Klein and Alvarado, 2012). The first and second law based governing equations

have been formulated using mass and energy conservations principles.

6.8.1 Assumptions
In order to model complex thermodynamic model of absorption (H.O-LiBr single
effect) -compression (R1234yf, R1234ze) integrated vapour refrigeration cycle,
following assumptions have been considered except where variation of parameters
involved.
e The state of refrigerant is dry and saturated at the entry of compressor at (state
point 1).
e The state of refrigerant at the exit of condenser of VCR cycle is saturated
subcooled liquid at state point 3.
e Subcooling of liquid refrigerant occurs from state point 3-3a.
e The expansion or throttling in the expasion valve, soultion throttle valve and

refrigerant throttle valve is isoenthalpic.
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e Difference between the temperature of space to be cooled and temperature of
evaporator1 (AT=Ty-Tevc) is 10°C.

e The approach temperature or overlap temperature between evaporator 2 and
condenser 1 in the cascade heat exchanger (Tov =Tevc-Teva) is 5°C.

e Isentropic efficiency of compressor (1) is 80%.

e The heat losses and pressure losses from the system and system components are
negligible. The whole system operates in steady state condition.

e The reference values of entropy (So) and enthalpy (ho) are considred at ambient or
dead state conditions (To = 25°C, Po = 101.325kPa).

e The refrigerant vapour leaving the generator is superheated vapour at the
generator temperature.

e Heat exchanger effectiveness is 0.7.

6.8.2 Energy analysis
The energy performance, based on first law of absorption (H2O-LiBr single
effect) -compression (R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC)

is represented as coefficient of performance (COP):

Qe
COPaccvre = % +W‘;iwc (6.14)
Where Q.yc and W, are the net refrigerating effect and rate of compressor work of VCRS
and annd W, are the heat rate of generator and solution pump work rate of ACIVRS

respectively.
6.8.3Exergy analysis

6.8.3.1Total exergy destruction

Total exergy destruction of the system is the summation of exergy destruction in
each system component (Ep tota1)-
The total exergy destruction in absorption (H2O-LiBr single effect) -compression
(R1234yf, R1234ze) cascade vapour refrigeration system (ACCVRS) is given by:
ED,tot;ll = Ep,e1 + Epc + Epgx. valve + Ep,che + Epa + Epp + Epshe + ED,g +
Eprev + Ep,stv + Ep,condz (6.14a)

6.8.3.2Exergetic efficiency
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The exergetic efficiency of absorption (H20-LiBr single effect) -compression
(R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC) is given by:

5 (Ep) o Qeve|(r72)] (6.15)

1- =
Qg|(1 Tg)|+wp+wC Qg‘(1 Tg)’+wp+wC

Nex, ACCVRC ™

WhereZ(ED), is the totoal exergy destruction rate of the integrated system in kW,
Qg and Tare the input heat in kW and temperature in °C of the generator and Wp and W,
are solution pump work and compressor work in KW respectively.Q ycin KW is the rate

of net refrigerating effect and Ty, is the temperature of space to be cooled in °Cof VCRS

respectively.T,is the ambient or dead state temperature in °C.

6.8.3.3Exergy destruction ratio (EDR)

The exergetic destruction ratio (EDR) in absorption (H2O-LiBr single effect) -
compression (R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC) is
given by:

EDRaccvre = % (6.16)
b

Where Z(ED) is the rate of totoal exergy destruction of the absorption-compression
integrated system in kW,Qeyc in KW is the rate of net refrigerating effect of vapour
compression refrigeration system, Ty, in °C is the temperature of space to be cooled and

T, is the ambient or dead state temperature in °C respectively.

6.8.4 Input Parameters

Table 6.6 Input parameters considered except where the variation of physical parameters
involved ( Kaushik and Arora, 2009)

S.No. | Input parameters Values
1. generator temperature (Tg) 87.8°C
2 Evaporator 2 temperature (Teva) 7.2°C
3 Condenser 2 temperature (Teva)] 37.8°C
4. Absorber temperature (Ta) 37.8°C
5 Mass flow rate of refrigerant (H20) in VARS (1hy,) 1 kg/s
6 Evaporator 1 temperature (Tevc) -10°C
7 Degree of subcoolin((AT)s.)(3-3a) 50C
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8. Condenser 1 temperature (Tevc) 12.2°C
9. Ambient or dead state pressure (Po) and temperature (To) 101.325kPa & 25°C

6.9 RESULTS AND DISCUSSION

In the present work, energy and exergy analysis of absorption (H2O-LiBr single
effect) -compression (R1234yf, R1234ze) cascade vapour refrigeration system
(ACCVRC) has been carried out involving control volume approach of each system
component. A computer code has been formulated in the EES software (Klein and
Alvarado, 2012) to compute the various performance parameters viz. COP, exergetic
efficiency, total exergy destruction rate and exergy destruction ratio (EDR). The
validation of results obtained has been carried out to compare these with Kaushik and
Arora(2009). It has been observed that the variation in the results obtained and the results
of Kaushik and Arora(2009) is within £1% due to inclusion of solution pump work in

the current analysis.

6.9.1 Results of Energy, Exergy and Parametric Analysis

Energy,exergy and parametric analysis of absorption compression (single effect
H20-LiBr) cascade refrigeration system have been carried out and shows following

results.

6.9.1.1 Effect of variation in effectiveness of solution heat exchanger
The effect of effectiveness of solution heat exchanger (eg,.) on performance

parameters viz. COP accvre, exergetic efficiency (n_, ccyrc), total exergy destruction

rate (Ep,totaraccvre) and exergy destruction ratio (EDRaccvre) has been shown in Fig.
6.17 and 6.18.
Fig. 6.17 shows the effect of effectiveness of solution heat exchanger (&g, ) On

COP accvrc and exergetic efficiency (n ). The value of COP accvrc and

ex ACCVRC

Nex ACCVRC increases with increase in egp,. . The effectiveness of She is given by &g, =

%. Thus the value of Tg and Qg decreases with increase in &g, . The COP is given by

8—Ts

. Qe,VC . . -
the relation QerWp W, (Eq.6.14), by which, the value of COP accvrc increases with

increase in &gy, -
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Figure 6.17 Variation in COPaccvrc and exergetic efficiency (n ) with

€X ACCVRC

effectiveness of solution heat exchanger (e, )

The exergetic efficiency of absorption (H20-LiBr single effect) -compression
(R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC) is given by the

vel(1-T0
Qeve|(1-72)|

Qg](1_§—g)]+wp+wc

relation (eg. (6.15)). The value of Qeyc |(1 —%)| Wp and W,

remains unchanged and Qg decreases with increase inegy, . Hence the value of n__, - yrc

increases with increase in &gy, .
It has also been observed that the maximum value of COPaccvrc and

Nex, accvrRcATe 1.474 and 0.3774 for R1234ze and the minimum value of COPaccvrc and

are 1.185 and 0.3161 for R1234yf.

n €X, ACCVRC

Fig. 6.18 illustrates the variation in total exergy destruction rate (Ep tota accvre)
and exergy destruction ratio (EDRaccvrc) With increase in eg,.. The value of
ED,totaLACCVRC and EDRaccvrc decreases with increase in &g, The relation
forEp toraaccvrciS given by eq. (6.14a) which is the sum of exergy destruction rate of
each system component. As the value of &g, increases, the rate of exergy destruction in
She and other system components decreases. Thus the value of Eg (a1 accvre decreases

with increase in egy, .
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The EDRinteg is given by the relation % eq. (6.16) which is directly
Qevc

=T,

0

proportional to the Ep totar accvrcand the value of Qeye |(1 - ;—)
b

remains constant with

increase in &gy - The the EDRaccvre increases with increase in eg,e -
It is also observed that the minimum value of Ep iota;accvre and EDRaccvreare
430.9 kW and 1.649 for R1234ze and the maximum value of Ep toraiaccyre and

EDRAccvrcare 564.5 and 2.164 for R1234yf.

600 — . . . 25
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Figure 6.18Variation in total exergy destruction rate (Egtotaraccvre) and exergy
destruction ratio (EDRaccvre) With effectiveness of solution heat exchanger (egpe )

6.9.1.2 Effect of variation in evaporatorl temperature
The effect of evaporatorl temperature (Tevc) on performance parameters viz.

COP accvre, exergetic efficiency (n total exergy destruction rate

ex ACCVRC)’

(Ep totaLaccvre) and exergy destruction ratio (EDRaccvre) has been illustrated in Fig.
6.19 and 6.20.
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Fig. 6.19 depicts the variation in evaporatorl temperature (Tevc) on COP accvre
and exergetic efficiency (n, ,.cyrc) OF @bsorption (H20-LiBr single effect) -compression
(R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC) for R1234ze and
R1234yf. The value of COPaccvre increases and n_ . cypc decreases with increase in

evaporatorl temperature.
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Figure 6.19 Effect of evaporatorl temperature (Tevc) on COPaccvrc and exergetic

efficiency (N, accvre)

. : Qe . . .
The COPaccvrcis given by eq. (6.14) i.e. Qg#‘;iwc in which the value of Qyc
increases and W, decreases with increase in Tevc. The terms Qg and Wp remain constant

with increase Tevc. Hence the value of COPaccvre increases with increase in Tevc.

. o - Geve|1-2)
Similarly, the exergetic efficiency is given by the relation - |(
g[\1-

T_0>|+Wp +W¢
Tg

(Eqg. 6.15) in which the term To and Tq4 remains unaffected while Ty increases with
increase in Tevc (To-Teve = 10°C) by which the term |(1 — 1—")

b

decreases. Consequently,

the value of n decreases with increase in Tevc.

ex,ACCVRC
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It has been observed that the the maximum value of COPaccvrc andn are
1.408 and 0.4279 for R1234ze and the minimum value of COPaccvre and n

1.267 and 0.3225 for R1234yf.

Fig. 6.20 depicts the effect of evaporatorl temperature (Tevc) on total exergy

ex ACCVRC

ex ACCVRC are

destruction rate (Ep totar accvre) @nd exergy destruction ratio (EDRaccvre). The value of
Ep totaraccvre decreases and EDRaccvre increases with increase in Teve for R1234ze
and R1234yf. The exergy destruction rate of each system component decreases with
increase in Tevc and the EDRaccvrce.is the sum of exergy destruction rate of all system

components. Thus, the value of EDRaccvrc.increases with increase in Tevc.
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Figure 6.20 Variation in total exergy destruction rate (Egotaiaccvre) and exergy
destruction ratio (EDRaccvrc) with evaporatorl temperature (Tevc)

(& o L
EDRaccvre = ﬁ (eg. (13)) in which Ep totaaccvre, Qeve increase and
eVC

Tp

the term |(1 —22)| decreases with increase in Tevc.Hence, the value of EDRaccvre
T

b

increases with increase in Tevc.
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It is observed that the the minimum value of Ep (ota1 accvre and EDRaccvreare
462.9 kKW and1.337 for R1234ze and the maximum value of Ep oaiaccvre and
EDRAccvrecare 512.1 and 2.101 for R1234yf.

6.10 CONCLUSIONS

The current work presents the energy and exergy analysis of absorption (H2O-
LiBr single effect) -compression (R1234yf, R1234ze) integrated vapour refrigeration
cycle (ACIVRC). A computer code has been developed to compute the effect of
evaporatorl temperature and effectiveness of solution heat exchanger (She) on COP,
exergy efficiency, total exergy destruction rate and exergy destruction ratio (EDR). The
conclusions of the present analysis are as follows:

e The electricity consumption in ACCVRC cycle is reduces than that of
conventional VCR cycle.

e The performance of VCR circuit of ACCVRC is better than that of simple vapour
compression refrigeration cycle.

e The COP and exergetic efficiency of ACCVRC enhance with increase in
effectiveness of solution heat exchanger.

e The COP of ACCVRC gets enhanced while exergetic efficiency gets declined
with increase in evaporatorl temperature.

e The total exergy destruction rate and exergy destruction ratio (EDR) of ACCVRC
get reduced with increase in effectiveness of solution heat exchanger while
increase in evaporatorl temperature reduces total exergy destruction rate reduces
and promotes EDR.

e The performance of R1234ze is better than that of R1234yf.

It is inferred from the above discussion that the absorption (H.O-LiBr single
effect)-compression (R1234yf, R1234ze) cascade vapour refrigeration cycle (ACCVRC)
performs better than that of simple vapour compression refrigeration cycle and the use of
HFOs establishes eco-friendship bond to the nature along with low temperature

refrigeration applications.
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6.11 DESCRIPTION OF VAPOUR COMPRESSION ABSORPTION (HALF
EFFECT SERIES FLOW H20-LiBr) CASCADE REFRIGERATION

SYSTEM

Qcond,VA

1

Q gH
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< Generator
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~ rVA
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a 3 my, y m
5 3 x 15 14| y o4
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Figure 6.21 Schematic diagram of absorption-compression (half effect H.O-LiBr series
flow) cascade refrigeration system (ACCRYS)
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Fig. 6.21 depicts the schematic diagram of absorption compression (half effect
H>O-LiBr, R1234yf) cascade refrigeration system (ACCRS). It comprises of a half effect
water lithium bromide vapour absorption refrigeration (VAR) system and a R1234yf
vapour compression refrigeration (VCR) system. The higher temperature circuit of the
ACCRS is a half effect H>O-LiBr vapour absorption refrigeration system (HEVARS)
having water as refrigerant and Lithium Bromide as an absorbent and the lower
temperature circuit is a vapour compression refrigeration system (VCRS) where the low
temperature is achieved using R1234 yf refrigerant.

The condenser of vapour compression refrigeration cycle is coupled to the
evaporator of half effect vapour absorption refrigeration cycle via a heat changer which
is termed as cascade heat exchanger (Che). Thus the two cycles are integrated through a
cascade heat exchanger. The temperature difference between condenserl and evaporator
2 is the overlap or approach temperature. The VAR cycle of ACCRS is using the low
grade energy i.e. heat in LP and HP generator and the VCR cycle is using electric energy
to run the compressor. The temperature of evaporator of VCR cycle is lower than that of
VAR cycle. The low temperature is obtained in the evaporator of VCR cycle. This ACCR
system can be used in various low temperature applications viz. frozen food, chemical
separation reactions, preservation, semiconductor cooling, milk processing, freeze drying
and medical diagnostic.

The ACCR system comprises of an evaporator (Evaporator2), a condenser
(Condenser2), HP & LP absorbers, HP & LP generators, HP & LP solution heat
exchangers (Shen&Sher), HP & LP solution pumps (Pumpn& Pumpc), HP and LP
solution throttle valves (Stvh& Stvi) and a refrigerant throttle valve (Rtv) in VARS
circuit and an evaporator (Evaporatorl), a compressor, a condenser (Condenserl) and an
expansion valve in VCRS circuit. The Condenserl of VCRS is coupled to the
Evaporator2 of VARS via a cascade heat exchanger (Che) as shown in Fig. 6.25. The
heat dissipated by condenserl (Q'C_ ve) 1S absorbed by evaporator2 (Qe_ va) such that the
net cooling effect is obtained in the evaporatorl of VCRS. The ACCR is a five pressure
system. The HP & LP generators generate high and low pressure refrigerant vapours at
state points 18 and 11 respectively. The pressure of HP absorber is equal to the LP
generator pressure (Pan= PgL). This pressure is the intermediate pressure of HEVARS.
The evaporator2 and LP absorber are at same lowest pressure (Pe, va = Pa, ). However,

the condenser2 and HP generator are at same highest pressure (Pc, va = Pg, 1) of the VAR
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system. The evaporatorland condenserl are at fourth & fifth stage of pressure of the
ACCR system respectively. The low grade energy (heat) of Solar, waste heat of I.C.
engine exhaust or exhaust of thermal power plant either gas turbine or steam turbine
operated can be utilized in the HP and LP generators to operate the VAR cycle. The COP
of the half effect VAR cycle is generally half of the single effect VAR cycle. Thus the
system is known as half effect VAR system.

The strong solution of H20 and LiBr is pumped from low pressure absorber to
the LP generator via solution heat exchanger (Sher) from state points 5 to 7. The
refrigerant vapours are separated by LP generator at state point 11 and the remaining
weak solution of water and lithium bromide leaving the LP generator dissipates heat from
state 8 to9 in the She. and is throttled back to the LP absorber from state conditions 9 to
10. The refrigerant vapours leaving the LP generator at state point 11 enter to the high
pressure absorber. The strong solution thus obtained in HP absorber is pumped to the HP
generator form state 12 to 14 via Shen. The refrigerant vapours are again separated by
HP generator at state point 18 and the remaining weak solution leaving the HP generator
dissipates heat in the Shey from state conditions 15 to 16 and is finally throttled to the
HP absorber form state 16 to 17. The high temperature refrigerant vapours leaving the
HP generator at state point 18 enter to the condenser. The condensed liquid refrigerant
of high temperature is throttled to the evaporator2 by refrigerant throttle valve (Rtv) form
state 19 to 20 and is transformed in to the low temperature-pressure liquid vapour
refrigerant during the throttling process. The low temperature liquid vapour refrigerant
present in the evaporator2 receives the heat of condenserlinside the cascade heat
exchanger from state 20 to 21. Thus the cascading effect is obtained in the Che. Finally,
the refrigerant water vapours leaving the evaporator2 enter in to the LP absorber at state
point 21. The heating load of condenserl Q, 4 of VCR cycle is dissipated to the
evaporator2 of VAR cycle inside cascade heat exchanger. The refrigerant vapours of
R1234yf at high pressure and temperature after compression from state 1-2 enters in the
condenserl at state point 2. These vapours dissipate heat Q. v, to the evaporator 2 in
the Che from states 2-3a and gets transformed in to the subcooled liquid. Further, from
state 3-3a, the subcooling of liquid refrigerant occurs. The subcooled liquid refrigerant is
throttled to evaporator 1 at low temperature and pressure from state 3a-4 by expansion
valve. Finally, the low temperature vapours of refrigerants produces cooling effect

(Qe, vc) in the evaporatorl from state 4-1.
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6.12 THERMODYNAMIC AND MATHEMATICAL MODELLING

The present work carries out the energy and exergy analysis of absorption
compression (half effect H>O-LiBr) cascade refrigeration system (ACCRS). The low
GWP and zero ODP HFO: R1234yf has been considered in the vapour compression
section. Steady state governing equations of mass, energy and exergy conservation have
been considered for the analysis. The principles of mass and material balance, energy
balance and exergy balance have been applied to each system components. The control
volume approach has been followed for heat transfer and work interaction of inlet and
outlet streams of each system component. A computer program has been developed to
compute the various performance parameters in the Engineering Equation Software
(EES)(Klein and Alvarado, 2012). Various inbuilt thermodynamic properties of EES
have been recalled in the subroutine program. Additionally, empirical relations for
thermodynamic properties of LiBr and H2O/LiBr mixture have been inserted in the EES
library. The thermodynamic modelling has been categorized in to energy and exergy
analysis.

6.12.1 Assumptions

The present work concerns the energy and exergy analysis of absorption
compression half effect cascade refrigeration system. The system and system
components have been analysed using principles of first and second law of
thermodynamics. The formulation of steady state governing equations has been
developed using control volume approach. The VCR and VAR cycles have been coupled
through a cascade heat exchanger. In which, the condenser of VCR cycle rejects the heat
to the evaporator of VCR cycle (Q., ve = Q, va). The overlap temperature (Tov)
between condenserl and evaporator2 is the difference between the temperature of
isobaric condensation in the condenser of VCR cycle and temperature of isobaric
evaporation in the evaporator of HEVAR cycle (Tov = T¢, vc-Te, va). The mean
temperature of cascade heat exchange is denoted as Tm and the pressure of HP and LP
generators are denoted as Pgnand Pg,..

In order to formulate the complex system modeling, the following assumptions
have been considered for R1234yf VCR- H:O/LiBr half effect VAR cascade cycle
except where the variation of system parameters occurred (Arora et al., 2016; Arora,
2009; Arora and Kaushik, 2008).
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e The approach temperature or overlap temperature between evaporator 2 and
condenser 1 in the cascade heat exchanger (Tov = Tcond, ve-Te, va) is 5.2°C.

e The pressure of LP generator and HP absorber are equal i.e. (PgL.= Pan) and the
optimum value of Py has been considered. The HP generator and condenser2 are
at same pressure (Pcond,va=Pg,n). Similarly, LP absorber and evaporator2 are at
same pressure (Peva=PaL) such that (Peva =Pa 1)< (Pg,L.= PaH)< (Pcond,va =Pg,H).

e The state of refrigerant is dry and saturated at the entry of compressor at state
point 1.

e The state of refrigerant at the exit of condenser of VCRS is saturated subcooled
liquid at state point 3a. and the subcooling in the condenserlof VCR is from
state 3 to 3a.

e Difference between the temperature of space to be cooled (Ty) and evaporator
temperature (Te, vc) i.e. (AT=Tp-Te, vc) is 10°C.

e The heat losses and pressure losses from the system and system components are
negligible and the whole system assumed to operate in steady state condition.

e The reference values of entropy (So) and enthalpy (ho) are at ambient or dead state
conditions.

e The temperatures of HP & LP generator are assumed equal (THpg = TLpg) and the
temperature of HP, LP absorber and condeneser2 are assumed same (Ta 1 = Ta,

L= Tcond, VA)-

6.12.2Energy analysis

The energy performance, based on first law of absorption compression (half effect
H>O/LiBr) cascade refrigeration cycle (ACCRC) is represented as coefficient of
performance (COP):

COP = - Qe ve (6.17)

Qupg+Qupg+Wp, u+Wp, L+W¢
Where Q., yc and W, are the net refrigerating effect and rate of compressor work of
VCRS in kW and Qupg, Qupg: Wp, i and Wp, 1, are the heat rate of HP & LP generator

and solution pump work rate in kWof HEVARS respectively.
6.12.3Exergy analysis

6.12.3.1 TotalExergy destruction (TEXD)
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The total exergy destruction in compression-absorption half effect serties flow

H>O-LiBr cascade refrigeration system is given by:
ED' total = (ED)e,VC T (ED)C T (ED)EX. valve T (ED)Che T (ED)a, L T (ED)pump,L t
(ED)She, Lt (ED)Lpg + (ED)StV, Lt (ED)a, nt (ED)pump,H + (ED)She, nt

(ED)Hpg + (ED)StV, nt (ED)cond va™t (ED)Rtv (6.18)

6.12.3.2 Exergetic efficiency (EXE)
The exergetic efficiency of absorption-compression half effect cascade
refrigeration system can be expressed as:

=1- Z(ED)
Mex, ACCRS o 1 _ o 10 A T
Hpg Thpg Lpg TLpg P, H P, L c
0 _To
_ Qe, VC|(1 Tb)| (6.19)
Qupg (1_T;(p)>g> +Qupg (1—%> +Wp, g+Wp, L+Wc

WhereX(Ep), is the totoal exergy destruction of the cascade system in kW,
QHpg, QLpg, Thpg and Ty pgare the input heat in KW and temperature in OC of the HP and
LP generators respectively. Wp, y, Wp and W, are HP & LP solution pump works and

compressor work in KW respectively.Q. ycin KW is the rate of net refrigerating effect and
Ty, is the temperature of space to be cooled in °Cof VCRS respectively.T,is the ambient

or dead state temperature in °C.

6.12.3.3 Exergy destruction ratio (EDR)
The exergetic destruction ratio (EDR) of absorption-compression half effect
cascade refrigeration system is expressed as:

— Z(ED) - EE,total
EDRyccrs = % vc|(1—$—g)| % vc|<1—$—g>| (6.20)

Where ¥ (Ep), is the totoal exergy destruction of the cascade system in kW,Q. vc in
kW is the rate of net refrigerating effect of vapour compression refrigeration system, T,in
OC is the temperature of space to be cooled and T, is the ambient or dead state temperature

in °C respectively.
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Figure 6.22Pictorial representation of general exergy balance in a thermal system
(Yataganbaba et al., 2015)

Fig. 6.22 shows the general exergy balance in a thermal system (Yataganbaba et

al., 2015). The exergy input is equal to the sum of exergy consumed, exergy output and

internal and external exergy losses.

The energy, exergy and mass balance formulation of each system component of

compression-absorption half effect refrigeration system have been illustrated in Table

6.7.

Table 6.7 Energy, exergy and mass balance formulations of individual system
component of absorption compression (half effect H.O-LiBr) cascade refrigeration

system
S. Components Mass Energy balance
No. balance
1. | Evaporator 1 ;. yc Qc, vc = My yc(hy —hy)
2. Compressor ;. yc W, =m,yc(hy —hy)
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3. Condenser 1 m, yc Qcona, vc = Myyc(hy —hsy)
= mr,VA(hZI
- hZO)
=Q¢, va
4. Expansion valve m;yc m,ychs, = m,ychy
5. Cascade heat exchanger | my,, Qcona. ve = Myyc(hy —h3,)
(Che) m;yc = myya (hyy
— hy)
= Q¢, va
6. Evaporator 2 m;ya Qc, va = myya(hyy —hy)
= mr,VC(hZ
- hSa)
= Qcond, Ve

7. Low pressure absorber my ), Q. L=
=My, | Mpyahy+my, hyg — Mg hg
+ rr.lw,L

or
n.‘ls,L
- n'lr,L
+ my,
8. Solution Pump. mg; Wp, = mg (hg — hg)
9. SheL mg;, m,,, mw,L(hB —hy) = ms,L(h7
—hg)

10. Low pressure Generator mg QLpg =mg h; —myhg
=My, —m,hyy
+m,,

or
rl.'ls,L
= n.1w,L
+ myya
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11. | Stv. my, |, my,  hg = my,hy
12. | High pressure absorber Mgy Q. y =m, hy;+m, yhy; —
=m,; | mghy,
+ my, g4
Or
rl.‘ls,H
= mr,VA
+ my gy
13. SOIution PumpH n.ls’H WP,H = mS,H(hlg - hlz)
14. | Shen Mgy, My p | My y(hys — hyg) = mgy(hy,
—hy3)
15. | High pressure Generator Mgy QHpg = mgyhy4 — my yhys
= My, — mpyphyg
+ My
16. | Stvn my y my yhye = my yhy;
17 Condensel‘Z mr,VA Qcond, VA = mr’VA(hls
—hyo)
18. | Rtv m;ya mgyphi9=m;yahy
S. Exergy destruction (Ep) Exergy destruction ratio
No. (EDR)
1. . . . Ty . Ep
(Eo)gye = Br + Qe ve(1-7) ~Bx | ppRoye = (o). ve
. D, total
= thyyc(hy — Toss) e
) Ty
+ Qe, VvC (1 - T_b)
— mpyc(hy — Tosy)
2. | (Ep), = Ex, + W, — Ey, (En).
i . EDR. = =
= myyc(hy — Tosy) + W D,total
— myyc(hy, — Tosz)
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(ED)cond,VC = EXZ - EX3‘1
= r.nr,vc(hz — Tops2)
- erC (h3a - TOSSa)

EDRcond,VC

_ (ED)Cond,VC

ED,total

= EXsa - EX4

= Mpyc (h3, — Tps3a)

(ED)exp.,valve

ED Rexp.,valve

(ED ) exp.valve

— . yc(hy — Toss) ED,total
(ED)Che = Ex, + Ex,, + Qeva <1 - TTO ) EDRcpe = %
eVC D,total
- EXsa - EX21
=t yc(h, — Tps,)
+ . ya (hzo — Tos20)
i)
+ Qeva Tove
- r'hr,VC (h3a - TOS3a)
— mpya(hyy — Tosz1)
: . . T E
(ED)e,VA = Eyx,, + Qe, va <1 - Te,j/C) EDRoya = %

- EX21

= rhr,VA(hZO — ToS20)

+Q <1 To )
e, VA Te’VC

- mr,VA(h21 — Tos21)

(ED)a,L = EX10 + EX21 - EXS

(En),

) EDR, | = =
= mw,L(h10 — ToS10) D,total
+ mr,VA{{(h21 —hy)
— To(s21 — 50)}}
— g (hs — Tpss)
( D)PumpL = EXS - EXe EDR ( D)PumpL
= rhs,L(hS — Toss) pumpL Ep total
- rhs,L(h6 — Tose)
(ED)She,L = Ex, —Ex, + Ex, —Ex, = (ED)She,L
) EDRghet, = —
ms,L{(h6 — Tose) — (h; — Ep total

Tos7)}+mmy, 1 {(hg — Tysg) — (hg — Tpsg)}
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. . Lpg = ¢
Tos7) — my, 1. (hg — Toss)}"'mr,L{(hn - Pe Ep,total
hg) — To(s11 — S0)}

11. (ED)StV,L = E9 - E10 EDR _ (ED)StU,L

= mw,L{(hQ - TOS9) Stok D,total
— (hyo — Tos10)}
12- (ED)aH = EXll + EX17 - EXlZ (ED)aH
’ . EDR,y = = .
= mr,L{{(hll —hg) — To(s11 D,total
- So)}} + my, g (hyy — Tosy7)
- ms,H(hlz — ToS12)

13. (ED)Pump,H = EX12 - EX13 EDR.Pumer
= g u{(h; — Tps12) _ (ED)Pump,H
— (hyz — Tos13)} Ep total

14. (ED)She,L = EX13 - EX14 + EX15 - EX16 = (ED)She,H

. EDRspey = ——
ms,H{(h13 — Tos13) — (hyg — D,total
ToS14)}+my, g{(hys — Tos1s) — (hyg —

ToS16)}

15. (ED)Hpg = EX14 - E15 - EX18 = EDR (ED)Hpg

. . Lpg = 7
ms,H{(h14 — ToS14) — mw,H(h15 - Pa Ep total
T0515)}+rhr,VA{(h18 —hg) — To(s18 — S0)}

16. (ED)StV,H = E16 —Eiy EDR _ (ED)Stv,H
. StvH = &
= mw,H{(h16 — ToS16) D,total
— (hy7 — Tos17)}

17. (ED)Cond,VA = E18 - E19 EDRcona,va
= iy ya{(hig — ToS1g) _ (ED)cond,VA
— (hyg — TpS19)} Ep total

18. (ED)RtV = E19 - EZO (ED)RtV

) EDRgty = ———
= mr,VA{(h19 — ToS19) D,total

— (hy — Tos20)}
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6.12.4 Model validation

4.5 - : - - 14.5
———Arora et al. (2016)
Present work
_ ©
&4 o
X =3
o o
|| 3.5 Il
= =
o))
o 3
. .
5 ° 5
o o
—e—T,=30°C —@—-T,=30°C
—v—T,=38°C —¥—-T,=238°C
25 | L 1 L
60 65 70 75 80 85

Thpg = Tipg (°C)

Figure 6.23Variation in optimum pressure (Port) Of LP generator with generator
temperature (Thpg, TLpg)

Model validation has been done on comparing the results of present work with
the Arora et al.(2016) for half effect water lithium bromide vapour absorption system as
shown in Fig. 6.23-6.25 and Table 6.8. Fig. 6.23-6.25 present the variation in optimum
pressure (Popt) of HP & LP absorber, COPmax. and maximum exergetic efficiency
(nex (MAX.)) with generator temperature (Trpg, TLpg). Fig. 6.23 shows the effect of Trpg,
Tipg ON Popt.at 30°C and 38°C of absorber temperatures. At absorber temperature of 30°C,
the value of Popt first increases and then becomes constant with the increase in Trpg, Tipg.
It is observed that the present work follows the Arora et al. (2016) for the variation in
Popt With increase in Trpg, Tipg.

Similarly, the variation in COPmax.and(n.,(MAX.)) with increase in Trpg, Tipg
at various absorber temperatures have been shown in Fig. 6.24 and 6.25 respectively. The
COPwax decreases at absorber temperatures 30 to 34°C while COPwmax.increases first and
then decreases at absorber temperatures 36°C and 38°C with increase in Thpg, Tipg. The
optimum generator temperature lies within 65-70°C. It is also observed that the

Nex(MAX.) decreases with increase in Trpg, TLpg.
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The values of COPwmax and n,,,(MAX.) for the present work are close to the Arora

et al. (2016) for different absorber temperatures as shown in Fig. 6.24 and 6.25.

Table 6.8Heat rate (Q,) or work rate (W,),) of components of ACCRS. Comparison of
present work with Arora at al.(2016) for H2O-LiBr HEVARS (Te,va = 7,Ta, L = Ta, 1 =
-I_condY VA = 3780C , TLpg = THpg = 67OC, EShe, L = E€She, H — 07, mr‘VAzlkg/S and Te, VC = -

25°C)

System components (i) Qor W,
(kW)
Present work (Aroraetal., | Difference (%)
ACCRS 2016)
HEVARS
Evaporatorl 1936 - -
Compressor 419.2 - -
Expansion valve - - -
Cascade heat exchanger 2355 - -
Evaporator2 2355 2355 0
Low pressure Absorber -2898 -2898 0
Solution Pumpc 0.01664 0.01664 0
SheL 4727 4727 0
Low pressure Generator 3010 3010 0
Stv - - -
High pressure Absorber -2654 -2654 0
Solution Pumpy 0.01397 0.01397 0
Shen 196 196 0
High pressure Generator 2653 2653 0
StvH - - -
Condenser2 -2466 -2466 0
Rtv - - -

The comparison of two works verified that the corresponding values of COPmax
and 7n,,(MAX.) obtained by present work for VARS merely lie within +1% while
compared to Arora et al.(2016). The values of heat and work rate obtained by present

work coincide to the values obtained by Arora et al.(2016) as shown in Table 6.8.
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6.13 RESULTS AND DISCUSSION

A computer software based code has been compiled in Engineering
Equation Solver (EES)(Klein and Alvarado, 2012) software application for the model
described in section 6.11 above to evaluate the performance of absorption-compression
(half effect H.O-LiBr series flow) cascade refrigeration cycle (ACCRC) on the basis of
exergy and energy analysis. A vapour compression refrigeration (VCR) cycle having
R1234yf refrigerant is coupled through cascade heat exchanger to half effect series flow
vapour absorption refirgeration (VAR) system. 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 program validation has been done and the results lie within +1%
when compared to Arora et al. (2016)asshown in Fig. 6.23-6.25 and Table 6.8

respectively.

6.13.1 Results of energy analysis

Table 6.9 The thermodynamic properties (temperature (Tj), pressure (P;), concentration
of solution (Xj), mass flow rate (m,), enthalpy (hj) and entropy (sj)) of ACCRS at state
pOintS (Te, vA = 1, TaL = TaH = Tcond, va= 37.8°C , Tepg = Thpg = 670C, EShe, L = €She,H =
0.7, th,. ya=1kg/s and T, vc = -25°C)

State Tj Pj Xj (kg m; hj Sj

Points (°C) (kPa) abs/kg (kgs™) | (kJkg?t) | (kJIkgiK?)
) sol)
1 -25 122.9 - 14.17 346.7 1.598
2 12.2 468.5 - 14.17 376.3 1.618
3 12.2 468.5 - 14.17 215.2 1.056
3a 7.2 468.5 - 14.17 210.1 1.033
4 -25 122.9 - 14.17 210.1 1.049
5 37.8 1.002 0.5554 13.18 91.98 0.2281
6 37.8 3.0162 0.5554 13.18 114.4 0.2281
7 55.52 | 3.0162 0.5554 13.18 127.8 0.3403
8 67 3.0162 0.6010 12.18 169.9 0.3792
9 46.63 | 3.0162 0.6010 12.18 131.1 0.2616
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10 37.8 1.002 0.6010 12.18 131.1 0.2616
11 67 3.0162 0 1 2625 8.827
12 37.8 | 3.0162 0.4294 5.505 77.76 0.3329
13 37.8 6.558 0.4294 5.505 82.69 0.3329
14 52.64 | 6.558 0.4294 5.505 113.4 0.4441
15 67 6.558 0.5247 4.505 1448 0.4387
16 46.65 | 6.558 0.5247 4.505 101.3 0.3073
17 37.8 | 3.0162 0.5247 4.505 101.3 0.3073
18 67 6.558 0 1 2625 8.467
19 37.8 6.558 0 1 158.3 0.5428
20 7 1.002 0 1 158.3 0.5664
21 37.8 1.002 0 1 2513 8.973

6.13.2 Results of exergy analysis

Table 6.10The input and outpt exergy in each system components of ACCRS (Te, va =
7,TaL = Tan = Tcond, va= 37.8°C , Tipg = THpg = 670C, €she, L = &she, H = 0.7, rhr,VA:1kg/S
and Te, vc = -25°C)

System components (i) Eini Eouti
(kW) (kW)

Evaporatorl -1469 -2347
Compressor -1343 -1468
Expansion valve -1349 -1349
Cascade heat exchanger -1478 -1509
Low pressure Absorber 471.2 297.4
Solution Pump. 299.7 299.7
Sher 1018 982.1
Low pressure Generator 1224 1171
Stvp 1762 1706
High pressure Absorber 1484 1468
Solution Pumpn 1035 1026
Shen 755.5 755.4
High pressure Generator -3.533 -10.47

172



Stvy 5.169 1.346
Condenser2 23.06 4.811
Rtv 785.6 784.3

6.13.3 Parametric analysis

The performance of absorption-compression (half effect H,O-LiBr series flow)
cascade refrigeration cycle (ACCRC) depends on various operating variables. The
selection of operating variables plays significant role in the energy and exergy
performance analysis of ACCRC. The effect of significant operating variables viz. high
pressure generator temperature, absorber temperature and evaporator temperature of
VCR cycle on thermodynamics and exergetic performance of ACCRC have been
explored. The only one variable has varied while others have been kept constant at their
base value during the parametric analysis.

6.13.3.1 Effect of generator temperature

The effect of generator temperature (Thpg, TLpg) ON performance parameters viz.
solution circulation ratio (SCR), coefficient of performance (COP), exergetic efficiency
(1), total exergy destruction rate (Ep, wtar) and exergy destruction ratio (EDR) has been
illustrated in Fig. 6.26-6.29 for various absorber temperatures.

Fig. 6.26depicts the effect of generator temperature (THpg , Tipg) ON solution
circulation ratio (SCR) at various absorber temperatures for absorption compression
cascade refrigeration cycle. At a particular absorber temperature, the value of SCR
decreases with increase in generator temperature. It is observed that the SCR decline
rapidly at absorber temperatures 36°C, 37.8°C and 38°C. The SCR is equal to

Mass flow rate of strong solution g . .
, = - where mg and m,y, are mass flow rate of strong
Mass flow rate of refrigerant myyva ’

solution and refrigerant in kg/s respectively. SCR is the sum of LP circuit SCR (SCRL)
and HP circuit SCR (SCRn). The value of mg decreases with increase in (THpg, TLpg) and
myya= 1kg/s (Table 2.) which is constant, thus the value of SCR decreases. This is

because the solution concentration (X) is the function of absorber temperature (T) &

. X .
pressure (P) and my = —— X m, y4.
Xw— X g
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Figure 6.26 Variation in solution circulation ratio (SCR) with generator temperature
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The value of (X,, — X,) increases more than that of the weak solution
concentration (X,,) with increases in (Thpg, TLpg) results decrease in . It has also been
observed that the value of SCR decreases slightly with increase in (THpg, TLpg) at absorber
temperatures 30°C, 32°C and 34°C.

At a particular generator temperature, the value of SCR increases with increase
in absorber temperature. The minimum and maximum values of SCR noticed correspond
t0 (Thpg = Tipg = 85°C, Ta i = Ta L = Tecond, va = 30°C) and (Thpg = Tipg = 60°C, Ta 1 =
Ta L = Teond, va = 38°C) are 5.733 and 40.64.

Fig. 6.27 illustrates the vairation of COP with generator temperature (THpg , TLpg)
at various absorber temperatures for absorption compression cascade refrigeration cycle
(ACCRC). At absorber temperatures 30°C, 32°C and 34°C, the value of COP decreases
with increase in generator temperature. According to Eq. (6.17), COP of ACCRC
depends on Qe, v and(Qupg + Qupg + We, 1 + Wp, 1, + W,). The values of Q,, v and
W, remains constant with increase in generator temperature. The pump work
Wp 4&Wp 1 are negligible.

The value of (Qppg + Qupg) is o adjusted for the optimal value of LP generator
pressure (Pg,L) at maximum COP that it increases at absorber temperatures 30°C, 32°C
and 34°C and decreases at 36°C, 37.8°C and 38°C with increase in generator temperature.
This is because the value of (Qupg + Qupg) i directly proportional to mass flow rate of
strong solution (), my is directly proportional to the SCR and the SCR is inversely
proportional to (Twpg, Tipg). At absorber temperatures 36°C, 37.8°C and 38°C, the value
of COP increases first and then decreases slightly with increase in generator temperature.
It is observed that the optimum value of generator temperature lies between 67 to 70°C
for which the COP of ACCRC is maximum for various absorber temperatures. The
maximum and minimum value of COP correspond to (Twpg = Tipg = 60°C, Tan = Ta L =
Teond, va = 30°C) and (Trpg = Tipg = 60°C, Ta i = Ta, L = Tcond, va = 38°C) are 0.3342 and
0.3284.

Fig. 6.28 illustrates the effect of generator temperature (THpg , TLpg) ON exergetic
efficiency (nex) at different absorber temperatures. The exergetic efficiency of the

ACCRC decreases with increase in generator temperature.
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(A): Half effect H2O/LiBr VAR cycle (HEVARC); (C): Absorption compression
cascade refrigeration cycle (ACCRC)

According to Eqg. (6.19), the value of ne, depends on Q. vc |(1 ‘%) and

. T . T
(Qups (1= )| + e[ (1= 5%)
. T
Qe, vc |(1 - ﬁ)

Wp y&Wp | are negligible. The values of |(1 - Ti)

Hpg

+ Wp‘ u+ Wp’ L+ WC) The wvalues of

and W, remains constant with increase in Trpg , Tipg. The pump work

and |<1 —To )
Trpg

increase in THpg , TLpg. HOwever, the values of QHpg and QLpg vary according to the

increases with

optimal value of Pg, in order to maximize COP of HEVARS. Hence, the value of 1y
decreases with increase in Trhpg , Tipg. It has been observed that at particular generator
temperature, the value of n., decreases with increase in absorber temperature. The
maximum and minimum values of 1 correspond to (Trpg = Tipg = 60°C, Tan = Ta L =
Teond, va = 30°C) and (THpg = Tipg = 85°C, Ta v = Ta L = Teond, va = 38°C) are 0.3342 and
0.3284.

Fig. 6.29 presents the variation in total exergy destruction rate (Ep, wta) and exergy
destruction ratio (EDR) with generator temperature (THpg, TLpg) fOr various evaporator
temperatures. The Ep, ww and EDR increase with increase in Twpg, Tipg. According to
Eq.(6.18), Eb, ttal is the sum of Ep of each system component. This is the fact that with
the increase in generator temperature, the irreversibility of system components viz. LP
and HP generators, condenser2, solution heat exchangers (SheLand Shen), refrigerant
throttle valves (RtvL and Rtvy) and LP & HP absorbers increases.

It is also been observed that for a particular generator temperature, the value of
Eb, ot and EDR increases with increase in absorber temperature. The irreversibility of
system components also increases with increase in absorber temperature as the

temperature of strong solution leaving the absorber increases. EDR is the ratio of Ep, total
: _ D
a0 Qe ve (1)

increase in Trpg, Tipg. Thus the EDR follows the same trend of Ep, totar. The maximum

(Eg. 6.17). The values of Q. vc, T, and Ty, remain constant with

and minimum values of Ep, ww and EDR correspond to (Trpg = Tipg = 85°C, Ta v = Ta L
= Tcond, VA = 380C) and (THpg = TLpg = 600C, Ta, H = Ta, L= Tcond, VA = 3000) are 1077 kW,
3.593 and 693.3 kW, 2.28.
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6.13.3.2 Effect of evaporator temperature

The effect of evaporatorl temperature (Te, vc) on performance parameters viz.
coefficient of performance (COP), exergetic efficiency (n.,), total exergy destruction
rate (Ep, toral) and exergy destruction ratio (EDR) has been presented in Fig. 6.30-6.32 at

various absorber temperatures.
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Figure 6.30 Effect of evaporatorl temperature (Te, vc) on COP
(C): Absorption compression cascade refrigeration cycle (ACCRC)

Fig. 6.30 depicts the variation in COP with evaporatorl temperature(Te, vc) at
various absorber temperatures. The COP of the absorption-compression (half effect
H20-LiBr) cascade refrigeration cycle (ACCRC) increases with increase in evaporatorl
temperature. According to the eq. (6.17), the COP of the ACCR cycle is

Qe, vC
Qupg+QLpgtWp, n+Wp, L+Wc

in which the pump work (Wp z&Wp 1) are negligible. The

input heat to HP & LP generators (Q&Qypg) remain constant with increase in Te, vc.

Qe, vC

The compressor work (W,) decreases and specific refrigerating effect (m
r,vVC

) increases

with increase in evaporator temperature (Arora et al., 2009). Hence the COP of the cycle

increases with increase in Te, vc.
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Figure 6.32Effect of evaporatorl temperature on total exergy destruction rate (Ep, totar)
and exergy destruction ratio (EDR)
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It is observed that for a particular evaporator temperature, the COP of the cascade
system decreases with increase in absorber temperature. The higher absorber
temperatures are achieved due to higher values of heat input to the generators QHpg&QLpg
results decrease in COP. The maximum and minimum values of COP correspond to (Te,
ve =-5%C, Ta v = Ta, L = Teond, va = 30°C) and (Te, vc = -40°C, Ta 1t = Ta L = Tcond, va =
38°C) are 0.3903 and 0.278.

Fig. 6.31 illustrates the effect of evaporatorl temperature (Te, vc) On exergetic
efficiency (n.,) for different absorber temperatures. The value of n,,decreases with

increase in evaporatorl temperature. The exergetic efficiency of ACCR system is the

o 12 ] 2)

Thpg TLpg

ratio of Qe vc |(1 - i—g) +Wp 4

Wp +V'VC} (Eg. 6.19) in which the values of Q. yc and |(1 —%) decrease with

b

increase in evaporatorl temperature as Tp = AT+Te, vc and Ty> T,. The value of

. Ty
QHpg ’(1 B THpg)

are negligible and the value of W, decreases with increase in Te, vc. Thus, the valuen,,

remains constant with the variation in Te vc. The HP & LP pump work

decreases with increase in Te, vc.

It is observed that the value of n,., decreases with increase in absorber
temperature at a specific evaporatorl temperature. The value of SCR increases with
increase in absorber temperature (Tq, L, Ta 1) (Fig. 6.26) by which the value of mg

s

increases as SCR = — and the QHpg andQLpg get enhanced. However the terms

firva
(1-%) o |(1-52)

(-7%)
Thpg

decreases slightly with increase in Ta, L, Ta, 1. Hence, n,, decrease with increase in

W,

do not vary and the value of Q. vc

absorber temperature. The maximum and minimum values of n,,.correspond to (Te, vc =
-40°C, Tan = Ta, L = Teond, va = 30°C) and (Te,vc = -5°C, Ta,n = Ta, L = Tcond, va = 38°C)
are 0.3104 and 0.1766.

Fig. 6.32 illustrates variation in total exergy destruction rate (Ep, wotal) and exergy
destruction ratio (EDR) with evaporatorl temperature (Te, vc). The Ep, wta decreases and
the EDR increases with increase in Te, vc. As the value of Te, vc increases and approaches
to ambient temperatue To, the exergy destruction in system component decreases.
According to Eq. (6.18), Ep ota1 IS proportional to the exergy destruction in each system

component which results the decrease in Ep tora With increase in Te, vc. The EDR is
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given by Eq. (6.20), which is the ratio of Ep, wwand Qe vc |( - ,f—z) . Fig. 6.31 shows

that the exergy of products i.e Qe, vc |(1 —z—") decreases with increase in Te, vc.
b

However, the decrease in ED, total 1S More than the exergy of products. Hence the EDR
increases with increase in evaportorltemperature.

It is observed that for a particular value of Te, vc, The value of Ep, ot and EDR
increases with increase in absorber temperature (Ta, 1& Ta,L). It is due to the fact that at
higher temperature, the exergy destruction rate is higher.

The minimum and maximum values of Ep, yoaicorrespond to (Te, ve = -5°C, Ta,
H = Ta L= Tcond, va = 30°C) and (Te,vc = -40°C, Ta 1 = Ta, L = Tcond, va = 38°C) are 700.3
and 914.3. Similarly, for EDR correspond to (Te, vc = -40°C, Ta v = Ta L = Tcond, va =
30°C) and (Te, vc = -5°C, Ta v = Ta L = Tcond, va = 38°C) are 2.221 and 4.663.

6.13.3.3 Exergy destruction rate and EDR of system components
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Figure 6.33Exergy destruction rate (Ep) of systemcomponents of ACCRS
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Components of half effect H,Q/LiBrabsorption compression cascade refrigeration cycle

Figure 6.34Exergy destruction ratio (EDR) of systemcomponents of ACCRS

Fig. 6.33 and 6.34 depict the exergy destruction rate (Ep) and EDR of system
components. The LP absorber is the place where maximum amount of exergy destruction
takes place than the other system components. The EDR for the LP absorber is more than
20%. Similarly, HP absorber, condenser2, evaporatorl, compressor, expansion valve,
HP, LP generators and cascade heat exchanger are the components in which considerable
exergy destruction and EDR take place. HP pump is the system component with zero
exergy destruction. The values of Ep and EDR for LP pump, HP and LP solution heat

exchanger are small and in increasing order.

6.14 CONCLUSIONS

Energy and exergy analysis have been presented to predict the performance of
ACCRS using theoretical concepts of thermodynamics. In the present work, a half effect
series flow H>O-LiBr VAR cycle is coupled to the VCR cycle using refrigerant R1234yf
through the cascade heat exchanger by the first time. The system has its utilities in low
evaporation temperature ranging from semiconductor cooling, chemical separation to

medical diagnostic. The feature to recover waste heat and utilization of renewable energy
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source i.e. Solar makes it energy efficient and cost effective. Moreover, the use of

refrigerant R1234yf in VCRS predicts eco-friendship of the system. The effect of various

operating parameters has been seen. A computer program has been formulated to

investigate the different performance parameters viz. COP, exergetic efficiency (Mex),

total exergy destruction rate (Ep, Total) and exergy destruction ratio (EDR) of the system.

Component wise analysis has also been done to check the performance (i.e. exergy

destruction rate and %EDR) of each component. A considerable range of parameters has

been assumed viz. HP generator temperature (60-85°C), absorber temperature (30-38°C)

and evaporator temperature (-40 to -5°C). The concluding remarks of the present

communication are summarised below:

The elecricity consumption of half effect cascade refrigeration system (ACCRYS)
is reduced by 54.29 % as compared to VCRS. Moreover the COP of the vapour
compression cirucuit gets increased by 118.7% due to low electric power
consumption. However, while compared to compression-absorption single and
double effect cascade refrigeration systems, the COP of half effect cascade
system is observed lowest.

In addtion, the recovery of low tempereature waste heat or use of renewable
source of heat in Hpg and Lpg reduces the system running cost as the waste heat
is available at low cost and renewable energy is free of cost. However, the overall
size of the system increases.

The enhancement in the exergetic efficiency of VCR cirucit of ACCRS is
118.74% and the reduction in tota exergy destruction is 80.66%. It is also
established that the exergetic efficiency of half effect cascade system is lowest in
comparison to single and double effect cascade refrigeration systems.

The larger value of approach in the cascade heat exchanger reduces the COP and
exergetic efficeincyof the system.

The increase in HP, LP generator temperature first increases slightly and then
decreases the COP of the system at absorber temperature 37.8°C and 38°C
because of solution circulation ratio decreases. The optimum value of HP, LP
generator temperature observed lies within 65-75°C. The exergetic efficeincy of
the system decreases however, the total exergy destruction and exergy destruction

ratio (EDR) increase.
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e The energetic (COP) and exergetic (nex) performance of the system decline with
increase in absorber temperature due to increase in solution circulation ratio
(SCR). The exergy destruction and exergy destruction ratio (EDR) register
increment.

e The system COP increases and exergetic efficiency decrease with increase in
evaporatorl temperature for a range of LP, HP absorber temperature. Similarly,
the exergy destruction (EDR) ratio increases and the total exergy destruction of
the system decreases.

e The HP and LP solution pump are the site of zero exergy destruction while LP
absorber is the main component in which the exergy destruction is highest in
comparison to other system components. After solution pump,) HP and LP
solution throttle valves recover the major part of exergy.

e The use of R1234yf in low temperature VCR circuit of ACCRS establishes an the
eco-loving agreement.

In the light of above conclusions, it is inferred that the absorption compression
(half effect series flow) cascade system (ACCRS) is performing best among the systems
considered. The electricity saver, cost effectiveness and eco-friendship are the attracting
features of the system associated to fulfil need of low cooling applications. However, the
larger size of the system is a manageable task.

6.15 PERFORMANCE COMPARISION OF COMPRESSION-ABSORPTION
TRIPLE, DOUBLE, SINGLE AND HALF EFFECT (H20-LiBr) CASCADE
REFRIGERATION SYSTEMS

Table 6.11 shows the energy and exergy performance compassion of absorption-
compression (triple, double, single and half effect) cascade refrigeration systems. It also
includes the performance comparison of triple, double, single and half effect vapour
absorption refrigeration systems and vapour compression refrigeration cycle.

It has been observed that the COP and exergetic efficiency of single effect
ACCRS are highest while for half effect ACCRS are lowest. The total exergy destruction
is lowest for single effect ACCRS and highest for half effect ACCRS.

In the case of VAR system, the COP is highest for triple effect and lowest for half
effect while exergetic efficiency is highest for double effect and lowest for half effect
VAR system.

184



Table 6.11 Thermodynamic performance comparison of absorption-compression
cascade, absorption and compression refrigeration cycles

Performance Cascade
Parameters Triple effect | Double Single effect  Half effect
series flow  ffect series (H20-LiBr) (H20-LiBr)
(H20-LiBr) Jow (H20- absorption- absorption-
absorption- | LiBr) |CompressCompresscompressio
compression [bsorption- ion ion |n (R1234yf)
(R1234yf)  jompressio| (R134a) |[R1234yf) (ACCRS)
(ACCRS) n(R134a) |(R134a)
(Colorado|(Colorado
and and
Rivera, | Rivera,
2015) 2015)
(°C) Te -40 -10 -10 -10 -25
Ty 185 120 69 87.8 67
Ta=Tc 37.8 35 - 37.8 37.8
(kgls) My yAR 1 0.025 - 25 1
(kW) Qeaccr 1746 50 50 2149 1936
QevaRs 2355.45 - - 2355 2355
Qe.vers 1746 - - 2149 1936
Wp 2.26 - - 0.0314 | 0.03061
3
W 609.2 9.10 9.10 206.1 419.2
Dimensi | COPaccrs|  0.7843 0.91 0.58 1.371 0.3183
onless | COPvars 1.456 1.29 0.78 0.7644 | 0.415875
COPvcrs 2.866 5.49 5.49 10.43 4.617
Dimensi | n_ ,ccrs 33.6% 28% 25.5% | 35.49% | 26.82%
onless [T " s |  1L17% - - 11.74% | 9.286%
Nex VRS 64.83% - - - 71.55%
(kW) Ep  total, 780.5 - - 474.3 818.5
ACCRS
Ep  total, 566.3 - - - 634.3
VARS
Ep  total, 214.3 - - - 119.3
VCRS
Performance VARS VCRS
Parameters
Triple Double Single Half R1234yf
effect effect effect effect
series series H20- H2O/LiBr
flow flow LiBr (Arora,
H20- H20/LiB| (Kaushik 2009)
LiBr r and
(Aroraet| (Kaushik| Arora,
al., 2015) and 2009)
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Arora,
2009)
(°C) Te 7.2 7.2 7.2 7 -40
ir 185 140.6 87.8 65 -
Ta=Tc 37.8 37.8 37.8 37.8 37.8
(kg/s) 1, 1 1 1 1 18.73
(kw) Qevars | 2355.45 | 2355.45 | 2355.45 - -
Qe,VCRs B - - - 1746
Wp 2.26 0.3598 | 0.03143 - -
W, - - - - 1129
Dimensi | COPvars 1.456 1.26 0.7609 041 -
onless | COPvcrs - - - - 1.547
Dimensi | 1, s | 1117% | 12.3% 11.75% 9.5% -
onless New vers i} N N N 34.99
(KW) | Ep, o, | 502.98 | 277.284 | 250.967 - -
VARS
Ep,  tol, - - - - 733.8
VCRS
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CHAPTER 7

THEROMODYNAMIC PERFORMANCE ANALYSIS OF
TRIGENERATION SYSTEM (POWER, HEAT AND
REFRIGERATION) FOR PERFORMANCE IMPROVEMENT
USING RETROFITTED TECHNIQUES AND ALTERNATE
REFRIGERANTS

7.1 INTRODUCTION:

The gas turbine bases power plants contain a large amount of heat in the flue
gases at high temperature. The waste heat available can be utilized to generate
superheated steam to produce heating effect or it can be used in the steam turbine to
produce electricity. A part of steam can also be utilized to improve the performance of
the gas turbine power plant through retrofitted techniques. The waste heat after
producing steam exits the heat recovery steam generator at the temperature higher than
that of acid dew point temperature and can be further utilized to produce refrigeration
through cascade refrigeration cycle. The purpose of the waste heat recovery is to reduce
the cost and carbon emission. Simultaneously, power, heat and refrigeration can also be
produced.

The present work describes the performance improvement of vapour
compression absorption cascade refrigeration cycle powered by a small or mini gas
turbine. The waste heat available in the flue gases of mini gas turbine is sufficient to
run the low cooling capacity cascade refrigeration cycle for domestic purpose. In this
way, the mini gas turbine generate power and hence electricity as well as refrigeration
and air-condition. The electricity generated can run the compressor of the vapour
compression cycle when the need of air-conditioning arises. These systems are very
useful especially in remote areas.

Thermodynamic analysis of a tri-generation system (power, heat and
refrigeration) for performance improvement using retrofitted techniques and alternative
refrigerants (R1234yf and R1234ze) has also been carried out. The system comprises a
gas turbine cycle, a steam turbine cycle, heat recovery steam generator (HRSG) and a
cascade refrigeration cycle. The retrofitted techniques viz. inlet air cooling (IAC) and
steam injection to gas turbine (STIG) have been considered to enhance the performance
of gas turbine cycle. Various performance parameters viz. thermal efficiency, exergetic

efficiency, COP, Overall cycle efficiency, exergy destruction rate and exergy

187



destruction ratio have been computed and the effect of ambient temperature and relative

humidity have been observed on performance parameters. It has been observed that the

retrofitted techniques improve the power output and exergetic efficiency of the gas
turbine cycle. The waste heat recovered from the exhaust gases has been utilized in heat
and refrigeration production.

7.2 DESCRIPTION OF VAPOUR COMPRESSION-ABSORPTION (H20-LiBr)
CASCADE REFRIGERATION SYSTEM POWERED BYA MICRO-GAS
TURBINE

The coupling of vapour compression and absorption refrigeration system can be

powered by a small or mini or micro-gas turbine. The vapour absorption cycle is a
single effect H.O-LiBr cycle and the vapour compressor cycle uses R1234yf as
refrigerant.
The evaporator of vapour absorption refrigeration system is coupled to the condenser of
vapour compression refrigeration system. The coupling of two is designated as cascade
heat exchanger. The heat rejected from the condenser of VCR cycle is taken by the
evaporator of VAR cycle. The waste heat of micro-gas turbine has been utilized in the
generator of the vapour absorption refrigeration system. The VAR system is a single
effect water-lithium bromide vapour absorption refrigeration system.

The power is generated in the micro-gas turbine which can be used for
electricity generation in remote area for domestic purpose. Simultaneously, waste heat
is available for water heating in winters or the waste heat can be utilized for
refrigeration or air-conditioning purpose through absorption-compression cascade
refrigeration system (ACCRYS)

The working of the system includes the ACCRS which has been described in
detail in chapter 6. The micro-gas turbine is a natural gas based turbine which produces
electricity and the produced electricity is used to run the compressor and pump of
cascade refrigeration cycle. The rest of the electricity can be used for small domestic
purposes such as lighting the electric LED bulb, to run the television, fan, mobile
charging etc. Simultaneously, the waste heat of the MGT present in the flue gases can
be used for heating purpose or refrigeration and air-conditioning purposes.

The micro-gas turbine is a Brayton cycle based turbo-generator which is
compacted, small in size and high speed having power generation capacity of 30 to 200
kW. The electrical efficiency of the micro-gas turbine depends on its size ranging from
25 to 30% (Bruno et al., 2005).
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7.3 MATHEMATICAL FORMULATION

7.3.1 Assumptions

In order to model complex thermodynamic analysis of absorption (H2O-LiBr

single effect) -compression (R1234yf, R1234ze) cascade vapour refrigeration system

energized by micro gas turbine, following assumptions have been considered except

where variation of parameters involved.

The state of refrigerant is dry and saturated at the entry of compressor at (state
point 1).

The state of refrigerant at the exit of condenser of VCR cycle is saturated
subcooled liquid at state point 3.

Subcooling of liquid refrigerant occurs from state point 3-3a.

The expansion or throttling in the expasion valve, soultion throttle valve and
refrigerant throttle valve is isoenthalpic.

Difference between the temperature of space to be cooled and temperature of
evaporator1 (AT=Ty-Tevc) is 10°C.

The approach temperature or overlap temperature between evaporator 2 and
condenser 1 in the cascade heat exchanger (Tov =Teve-Teva) is 5°C.

Isentropic efficiency of compressor (1) is 80%.

The heat losses and pressure losses from the system and system components are
negligible. The whole system operates in steady state condition.

The reference values of entropy (So) and enthalpy (ho) are considred at ambient
or dead state conditions (To = 25°C, Py = 101.325kPa).

The refrigerant vapour leaving the generator is superheated vapour at the
generator temperature.

Heat exchanger effectiveness is 0.7.

The efficiency of micro gas turbine is formulated by relation: nygr = 30.08 —
(0.12 X Tamp)- Where Ty p IS the ambient temperature.

Waste heat of exhasut gases of micro gas turbine is given by the
relation: Qaste heat = 667 — (667 X Nygt/100).

The heat losses in the components have been considered negligible.

The total amount of heat is supplied to the generator of cascade system.

The electricity is supplied to the compressor of cascade system by the micro gas

turbine.
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The COP of vapour compression absorption cascade refrigeration system

defined as: COP = - Q (7.2)

Wcomp +Wtan +Wpump

Where Q. is the net refrigeration effect produced, Weomp is the actual work of the

compressor, Wy, is the amount of electricity provided to the fans and W, is the

pump
pump work absorption refrigeration cycle.

The thermal efficiency of micro-gas turbine is the ratio of net power output to

the heat energy supplied by the fuel to the turbine given by eq. (7.2).

W
Min = 4 (7.2)

Where Wyt is the power output and Qs is the amount of heat energy supplied to the
micro-gas turbine by the fuel in kW.

The exergy efficiency of thermal system is defined as the ratio of net output
energy available to the input energy.

_ZEout _ _ ZED
Mo S L TEy (7.3)

Where n_ is the exergetic efficiency of the cycle. ¥ Eqy, X Ein and X Ep 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 absorption cascade 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, fan and pump work input

(Wcomp + Wfan + Wpump)-

Qe(1-72
Nex = Wcomp'*'v(vlfa:‘tz;\"pump (74)
n,, = COP X |(1 — $—2) (7.5)

where T is the ambient or dead state temperature.
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Fig. 7.2 Effect of ambient temperature on performance of micro-gas turbine (Hwang,
2004)

Fig. 7.2 shows the effect of ambient temperature on power factor and thermal
efficiency of micro-gas turbine. The thermal efficiency of gas turbine, which is a micro
type and given by the eq. 7.3 shows decrement with increase in ambient air
temperature, however, the power factor remains constant up to 25°C and afterward
decreases with increase in ambient temperature. The net power output of the gas turbine
decreases with increase in ambient air temperature. The power factor and thermal
efficiency decide the performance of micro-gas turbine. The optimum condition can be
obtained for the ambient temperature.

7.4 RESULTS AND DISCUSSION

Energy and exergy analysis of vapour compression absorption cascade
refrigeration system has been carried out in the present work. A computational
investigation has been done in Engineering Equation Solver (EES). Control volume
approach has been assumed to frame the steady state governing equations for the each
component of the system. The effect of various operating parameters viz. ambient
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temperature, generator temperature and temperature of refrigerated air has been

observed on COP and exergetic efficiency of cascade refrigeration system.

7.4.1 Effect of Ambient temperature
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Fig. 7.3 Effect of ambient temperature on thermal efficiency of micro-gas turbine
(M7hermaimer) @nd COP of the cascade refrigeration cycle

The variation in thermal efficiency of gas turbine (micro) and COP of the
vapour compression absorption cascade refrigeration cycle has been in shown in Fig.
7.3. As the temperature of ambient increases, the thermal efficiency of the gas turbine
decreases (refer to Fig. 7.2). The net power output of the turbine decreases with in
increase in ambinet temperature. The exhaust gases from turbine are at higher
temperature and provides more heat to the generator of the vapour absorption cycle.
However, the condenser temperature also increases with increase in ambient
temperatue. Thus the net refrigeration effect in the evaporator of vapour absorption
refrigeation cycle increases and producing more casacding in the cascade heat
exchangers. Consequently, the refrigeration effect in the evaporator of vapour
comrpression refrigeration cycle enhances and hence the COP of cascade refrigeraion

cycle increases.
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Moreover, the COP of cascade refrigeration system improves with increase in ambient
temperature. Contrary, the COP of cascade refrigeration cycle and compression refrigeration
cycle decreases with increase in ambient temperature due to more consumption of electricity in
order to cool the outside air.
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Fig. 7.4 Variation in exergetic efficiency of the cascade refrigeration cycle with
ambient temperature

The variation in exergetic efficiency of vapour compression absorption cascade
refrigeration system with increase in ambient temperature has been shown in Fig. 7.4.
The exegetic efficiency of cascade system increases while vapour absorption system
decreases with increase in ambient temperature. At high ambient temperature, the

exergy recovered by the vapour absorption refrigeration cycle reduces and exergy

efficiency of cascade cycle is given by n = COP X |(1 —1—2) in which the COP

increases with increase in ambient temperature (refer Fig. 7.3) and the term |(1 - %)
b

also increases with increase in ambient temperature for constant negative value of Ty.
Hence the exergetic efficiency of the cascade cycle increase with increase in ambient
temperature
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7.4.2 Effect of Generator temperature
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Fig. 7.5 Variation in COP and waste heat with generator temperature

Fig. 7.5 shows variation in COP and heat of generator provided by waste heat of
gas turbine (micro) and COP. The process heat available in the flue gases of gas turbine
(micro) decreases and the COP of vapour absorption, absorption compression cascade
refrigeration system increases. It is established fact that the COP of cascade
refrigeration system increase with increase in generator temperature. Hence, available

waste heat at higher temperature increases the COP of cascade refrigeration system.

Fig. 7.6 shows the effect of generator temperature on exergetic efficiency of
cascade refrigeration cycle. The exergetic efficiency of vapour absorption cycle
decreases with increase in generator temperature while the exergetic efficiency of
absorption compression cascade refrigeration cycle increases with increase in generator
temperature. The exergetic efficiency is the function of COP as given by relationn_ =
coP x|(1-2%)

b

. The value of COP increases with increase in generator temperature

while the term |(1 — $—°)

b

remains constant. Hence the exergetic efficiency of cascade

refrigeration cycle increases with increase in generator temperature.

195



0.6 ]

| —®@—Tex(Combined) TMex(vcr) = 0.9625
-~ ™ —Tex(VAR)

0.5

04

MNex
.\

Te (°C)

Fig. 7.6 Effect of generator temperature on exergetic efficiency

7.4.3 Effect of Refrigerated air temperature
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Fig. 7.7 Effect of refrigerated air temperature on COP
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Fig. 7.7 shows the effect of refrigerated air temperature on the COP of
absorption compression cascade refrigeration system. As the temperature of
refrigerated air increases, the COP of vapour compression refrigeration cycle increase
and the COP of vapour absorption cycle remains constant, consequently, the COP of
absorption compression cascade refrigeration cycle increases with increase in
refrigerated air temperature. The compressor work decreases with increase in
refrigerated air temperature due to increase in evaporator temperature of vapour

compressor cycle.
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Fig. 7.8 Effect of refrigerated air temperature on exergetic efficiency

Fig. 7.8 shows the effect of refrigerated air temperature on exergetic efficiency
of absorption compression cascade refrigeration cycle. The exergetic efficiency of
vapour compression refrigeration cycle increases and vapour absorption cycle remains
constant with increase in refrigerated air temperature, consequently the exergetic
efficiency of absorption compression cascade refrigeration cycle decreases slightly.

7.5 CONCLUSIONS

In the present work, the performance of a compression absorption cascade
refrigeration cycle has been explored which is powered by a gas turbine (micro). The
vapour absorption cycle receives heat from the flue gases of the turbine while the
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vapour compression cycle is electrified by the electricity generated by the turbine. The

energy and exergy analysis of the thermal system has been carried out. The main

conclusions of the analysis are summarized below:

The energy (COP) and exergy (exergetic efficiency) performance of the cascade
refrigeration cycle powered by gas turbine (micro) is better than that of
conventional VCR and VAR cycles.

Electricity consumption over the conventional vapour compression refrigeration
cycle reduces for the constant refrigeration demand.

The lower electricity consumption reduces the carbon emission as well running
cost of the system and the use of R1234yf in the conventional vapour
compression refrigeration cycle establishes eco-friendship.

The use of waste heat improves overall efficiency of the thermal system.

The proposed system is beneficial in remote areas.
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7.6 DESCRIPTION OF A RETROFITTED TRI-GENERATION POWER
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Fig. 7.9 Schematic diagram of a retrofitted tri-generation power system
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Fig. 7.9 comprises of a retrofitted gas turbine power plant, a steam turbine based
power system, a heat recovery steam generator and an absorption compression cascade
refrigeration system. The retrofitted techniques used are evaporative cooling to inlet air
of compressor (EVC) and steam injection to gas turbine (STIG). The cascade
refrigeration system consists of simple VCR cycle using R1234yf and single effect
H>O/LiBr VAR cycle. The waste heat available in the flue gases of gas turbine is given
to heat recovery steam generator. The superheated steam is generated in the HRSG. The
fraction o of the super-heated steam generated in HRSG is fed to the compressor and
the (1- o) is available for heat generation or it can be utilized in the steam turbine to
produce electricity. The flue gases, exit from the HRSG have the temperature abut
140°C (which is below than acid dew point temperature). These flue gases can be
utilized in the generator of absorption compression cascade refrigeration system for the
production of refrigeration.

The system comprises a gas turbine cycle, a steam turbine cycle, heat recovery
steam generator (HRSG) and a cascade refrigeration cycle. The retrofitted techniques
viz. steam injection to gas turbine (STIG) and evaporative cooing (EVC) and have been
considered to enhance the performance of gas turbine cycle. The injection ratio of the
superheated steam varied from 0 to 0.2.

Simple cycle gas turbine system integrated with IAC and STIG features (Fig.
7.9) comprises a base unit that includes compressor, combustor, gas turbine and a
generator. An HRSG was installed at downstream exit of turbine (state point 5) to
recover heat from exhaust gases. Fraction of superheated steam generated from HRSG
is used for STIG (state point 9) and remaining super heated steam is used for process
application. An FCS is installed to cool ambient air (state point1’). FCS uses very fine
fog droplets of high pressure water injected through special atomizing nozzles located
at discrete points across inlet duct at high pressure to create cooling effect. Amount of
fog is to be monitored based on dry and wet bulb ambient conditions to achieve
required cooling. A typical FCS consists of a high pressure pump skid connected for
feeding to an array of manifolds located at a suitable place across compressor inlet duct.
Manifolds have a requisite number of fog nozzles®, which inject very fine droplets of
water into inlet air. Discharge through each nozzle is around 3 ml/s and produces 3
billion droplets per second. Fine fog evaporates very fast, thus dropping inlet air

temperature.
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7.7 Modeling of System

Assumptions considered for present study are as follows: i) Molar fraction (N2 =
0.78981, O, =10.20989, CO> = 0.00031 and H20 = 0) is assumed of 1 mole of dry air; ii)
Heat loss from combustion chamber is 2% of lower heating value of fuel (All other
components operate without heat loss); iii) Fog cooling system has been maintained for
100% saturation of ambient air at wet bulb temperature of air; iv) pressure of water
injected from nozzle into evaporative cooling chamber has been assumed 138 bar and
converts into fog (fine droplets), absorbs latent heat of air through adiabatic mixing;
and v) Combustion chamber has been maintained at constant temperature.

In addition, the assumptions of single effect H2O-LiBr absorption-compression
cascade refrigeration system mentioned in section 7.3.1 have also been considered.

A computer program has been developed in Engineering equations solver (EES)
to formulate and simulate retrofitting techniques over simple gas turbine with a set of
steady-state governing equations including mass, energy, entropy and exergy balances
using control volume analysis sequentially for compressor, combustor, gas turbine and
HRSG. Results of program were validated with available data®. After successful
validation, EES program has been developed for analysis of IAC, STIG and integrated
technologies retrofitted with simple gas turbine. For complete combustion of natural
gas (methane) with steam injection in combustion chamber, chemical equation takes

following form:

ACH, + [Xl, n2N, 4+ X1,020, + X1,c02CO, + X1, HZOHZO] +oH20

- [1+7\,+(D] [Xz', N2N, +X21,020, + Xz, c02CO, + Xz, HZOHZO] (7.6)
. X1, N2
Mole fraction of N2, Xz, n2= (7.7)
1+ A+ o
Mole fraction of Oz, X2,02= Xs02-2h (7.8)
1+A+o
Mole fraction of CO2, Xz,coz2 = Xucozth (7.9)
1+ +o
Mole fraction of H20, X2, H20 = Xitz0 +2) + 0
1+ +o (7.10)
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where o is steam injection ratio defined as ratio of mass of steam injected to mass of air

supplied.

®=rm,/m,, a)':ms/mg , a)':a)/(1+/1), o = mms , a)”:% (7.11)

f

where @' is ratio of mass of steam injected to mass of combustion gases formed and
o is ratio of mass of steam injected to mass of fuel supplied?. Maximum amount of
permitted STIG is 20% of mass flow rate of inlet air?.

Heat transfer between exhaust gases and condensate water has been taken place
in water heat recovery boiler where superheated steam is generated as

m,,, (h, —h,)=m,, (hSup —hn ), Where Mexn and my are mass flow rate of exhaust gases

of turbine and condensate water; hs, h7, hsyp and hcong are enthalpies of exhaust gases at

state 6 and 7, super-heated steam and condensate water. Also, T,, =T,

sat

+AT,, and

TAP =T,

sat

AT,,, where Tpp, Tsat and Tap are pinch point temperature, saturation
temperature of water and approach point temperature, respectively. AT, is pinch-point
difference and AT,, is approach point difference at saturation temperature.

Temperature of air after fog cooling can be obtained from an energy balance on
dry air, water spray and air-born water vapour before and after the system. Assuming
adiabatic mixing, energy gained by sprayed water is balanced by energy lost by dry air,
and original air-born mixture, after cooling such that

m, (h,-h,)=m(h —h )+wm(h —h ), where myand h, are mass flow rate and
enthalpy of cooling water, ma is mass flow rate of dry air, (h,, —h,,) is enthalpy change
of dry air, (h,, —h,,) is enthalpy change of water vapour during cooling. Humidity ratio

() can be specified as :%, where P, is partial pressure of water
1~ Tvr

vapour and P, is total atmospheric pressure. From conservation of mass, amount of
water evaporated is equal to the mass of water vapour at point 1 minus water vapour
originally in air at point 1" as Am,, = (@, —@,)m,, Where ¢, is humidity ratio of air
after cooling. Partial pressure of water vapour (Py) can be found from respective
relative humidity (RH) (¢) as P, =¢P

sat !

where P_ is saturation pressure of water

vapour for corresponding temperature. Pressure loss in adiabatic mixing is neglected.
Enthalpy, entropy, and exergy can be determined at each state point using mass and

energy balances.
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Fig. 7.10 Net power difference of retrofitted tri-generation power system with respect
to simple gas turbine cycle
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Fig. 7.11 Comparison of generation efficiency of various cycles using retrofitted
techniques

Fig. 7.10 and 7.11 illustrate that the retrofitted technologies enhances the net
power output and generation efficiency of the power plant as well as the waste heat of
the exhaust gases increases the COP of the cascade refrigeration cycle.
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Fig. 7.12 Effect of ambient temperature on net power output, thermal efficiency and
generation efficiency of gas turbine cycle and steam turbine cycle

Fig. 7.12 depicts the variation in net power output, thermal efficiency and
generation efficiency of gas turbine cycle and steam turbine cycle with ambient
temperature. The net power output, thermal efficiency and generation efficiency of gas
turbine cycle decreases with increase in ambient temperature. However, net power
output, thermal efficiency and generation efficiency of steam turbine cycle do not vary
with ambient temperature. It has been observed that the values of net power output,
thermal efficiency and generation efficiency of gas turbine cycle are more than that of
steam turbine cycle.

Fig. 7.13 shows effect of ambient temperature on first law efficiency of gas
turbine cycle and steam turbine cycle. The first law efficiency of gas turbine cycle
increases and the first law efficiency of steam turbine cycle does not vary with increase
in ambient temperature.

Fig. 7.14 shows effect of ambient temperature on second law efficiency of gas
turbine cycle and steam turbine cycle. The second law efficiency of gas turbine cycle
decreases with increase in ambient temperature. The second law efficiency of steam
turbine cycle first decreases and then increases with increase in ambient temperature.

The optimum value of ambient temperature lies between 35 to 40°C.
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Fig. 7.15 Effect of generator temperature on COP of absorption-compression cascade
refrigeration cycle

Fig. 7.15 shows the effect of generator temperature on COP of absorption-compression
cascade refrigeration cycle. The COP of the VAR and absorption-compression cascade
refrigeration cycles first increases and then decreases with increase in generator

temperature.

7.8 CONCLUSIONS
The following conclusions of the analysis are summarized below:

e The use of retrofitted techniques enhances power output by 60.79% and
generation efficiency by 28.4% of simple gas turbine cycle. However, the
percentage of rejection of waste heat is 212.5 % of network output of simple
cycle in the gas turbine power plant.

e The process heat of the thermal power plant decreases the net power output and

generation efficiency of the tri-generation system enhances.

e The remaining heat of exhaust gases produces considerable refrigeration in the
cascade refrigeration cycle.

e The net power output, thermal efficiency and generation efficiency of gas
turbine cycle decreases with increase in ambient temperature.

e The optimum value of generator temperature lies between 122 to 126°C.
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CHAPTER 8

OVERALL CONCLUSIONS AND RECOMMENDATIONS

8.1 OVERALL CONCLUSIONS

The current work presents the energy and exergy analysis of thermal systems
which includes LVHE associated VCR system, Dedicated mechanically subcooled
VCR system, Experimental VCR setup for alternate refrigerants R1234yf and R1234ze.
The different configurations of absorption compression cascade refrigeration systems in
which VCR cycle having R1234yf is coupled to triple, double, single and half effect
H,O/LiBr VAR cycles have been investigated for performance improvement on the
basis of energy and exergy principles. Additionally, tri-generation systems either
micro-gas turbine or gas turbine and steam turbine based systems coupled to absorption
compression cascade refrigeration cycle are also investigated for their performance
improvement. The important conclusions of the present work are summarized below:

e 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.

e The energy performance of liquid vapour heat exchanger associated vapour
compression refrigeration cycle is better than that of conventional vapour
compression cycle.

e The energy and exergy performance of dedicated mechanically subcooled VCR
cycle is better than that of conventional VCR cycle. R1234ze performs better
than that of R1234yf and competes with R134a. It can be a good alternate to
R134a.

e Subcooler of dedicated mechanically subcooled vapour compression cycle is the
component of highest exergetic efficiency.

e The energy and exergy performance of R1234ze are closer to the R134a for
theoretical as well as experimental VCR cycle. Minor alternations are needed
for drop in replacement of R134a to the alternate R1234yf and R1234ze in the

experimental setup..
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The elecricity consumption of half and triple effect cascade refrigeration
systems is reduced by 54.29 % and 45.84% than that of convensional vapour
compression referigeration cycle. For single and double effect cascade
refrigeration system lies between half and triple effect which can be futher
reduced by optimization.

Due to reduction in electricity consumption, enhancement in COP by 85.26%
and 118.7% in triple and half effect cascade refrigeration systems reduces CO,
emissions.

The enhancement in the exergetic efficiency of VCR cirucit of triple effect
absorption compression cascade refrigerion is 85.28% and the reduction in tota
exergy destruction is 70.8% and in half effect absorption compression cascade
refrigeration enhancement in the exergetic efficiency of VCR cirucit is
118.74% and the reduction in tota exergy destruction is 80.66% It is also
established that the exergetic efficiency of single effect cascade system is
highest in comparison to single, double and half effect cascade refrigeration
systems while, the total exergy destruction is lowest for half effect absorption
compression cascade refrigeration system.

The use of R1234yf in low temperature VCR circuit of triple, double, single and
half effect absorption compression cascade refrigeration systems establishes an
the eco-loving agreement.

The electricity saver, cost effectiveness and eco-friendship are the attracting
features of the triple to half effect absorption compression cascade refrigeration
systems associated to fulfil need of low cooling applications. However, the
larger size of the systems is a manageable task.

The C.O.P. and the exergetic efficiency of the absorption compression cascade
refrigeration system of tri-generation power plant energized by micro-gas
turbine are higher than that of conventional system for considerable range of
ambient temperature.

The use of waste heat available in the exhaust gases of micro-gas turbine of tri-
generation power plant enhances the efficiency of overall system.

The process heat of the thermal power plant decreases, the net power output and
generation efficiency of the tri-generation system enhances. The remaining heat

of exhaust gases produces considerable refrigeration in the cascade refrigeration
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cycle. The retrofitted techniques improve the power output and generation

efficiency of the tri-generation system.

Table 8.1 Comparison of considered systems

S. Systems Performance
No.
1. | LVHE incorporated VCR system Performs better for R134a
and R1234ze
2. | Dedicated mechanically subcooled VCR system Performs better for R134a
and R1234ze
3. | Experimental VCR set up unit Performs better for R134a
and R1234ze
4 H,O-LiBr  absorption- | Single effect Single effect is having
compression cascade | Triple effect highest COP for R1234yf
refrigeration system Half effect combination.
5. | Trigeneration system Energized by micro gas | Shows higher performance
turbine than conventional power
Energized by gas turbine | generation systems.

Hence, the modified systems and integrated systems perform better than that of

conventional systems with replacement by alternative refrigerants.

8.2 RECOMMENDATIONS FOR FUTURE WORK

work.

The following research work may be recommended as a follow up of the present

Economic analysis of various refrigeration cycles and tri-generation power
plants analyzed in the current work.

Experimental investigations of various cascade refrigeration cycles analyzed in
the present work as well as the use of alternate refrigerants (R1234yf and
R1234ze) in the cascade cycles.

Environmental analysis of various vapor compression and cascade refrigeration
cycles analyzed in the present work.

It would be beneficial for remote areas if proper commissioning of micro-gas
turbine based tri-generation power plant is done and the generator of vapor
absorption refrigeration system gets heat from Sun through flat plat solar
collector.

The modeling, strategies and correlations used in the thesis may be used to

design and installed new thermal power plants and refrigeration plants.
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