CHAPTER 1

INTRODUCTION

1.1 Description of Vapour Compression Refrigeration Cycle
Refrigeration, cooling, and heating processes are important in a variety of everyday situations, including the air conditioning and heating of buildings, and in the treatment, transportation, and preservation of foods and beverages. Refrigeration also finds large-scale industrial application, for example, in the manufacture of ice and the dehydration of gases. Applications in the petroleum industry include lubricating-oil purification, low temperature reactions, and the separation of volatile hydrocarbons.
Refrigeration involves heat transfer from a low-temperature region to a high-temperature region. This process is typically implemented by means of a cycle involving a particular refrigerant (working fluid). There are different types of cycles, but the most commonly used for refrigerators, air-conditioning systems and heat pumps is the vapour compression refrigeration cycle (VCRC). It has been and is the most widely used method for air-conditioning of large public buildings, private residences, hotels, hospitals, theatres, restaurants and automobiles. It is also used in domestic and commercial refrigerators, large-scale warehouses for storage of foods and meats, refrigerated trucks and railroad cars, and a host of other commercial and industrial services. 
The design of a VCRC entails the determination of a potential working fluid’s properties at the inlet and exit states of the steps of candidate process cycles, and the attendant calculation of a measure of the process efficiency for the cycle, called the coefficient of performance, COP. For a given VCRC, the COP is a function of the fluid thermodynamic properties at the states of the cycle, which are typically obtained from an equation of state (EOS) for the refrigerant.
This most common refrigeration cycle uses an electric motor to drive a compressor. In an automobile the compressor is usually driven by a belt connected to a pulley on the engine's crankshaft, with both using electric motors for air circulation. Since evaporation occurs when heat is absorbed, and condensation occurs when heat is released, air conditioners are designed to use a compressor to cause pressure changes between two compartments, and actively pump a refrigerant around. A refrigerant is pumped into the low pressure compartment (the evaporator coil), where, despite the low temperature, the low pressure causes the refrigerant to evaporate into a vapour, taking heat with it as shown in Figure 1.1. In the other compartment (the condenser), the refrigerant vapour is compressed and forced through another heat exchange coil, condensing into a liquid, rejecting the heat previously absorbed from the cooled space. The heat exchanger in the condenser section (the heat sink mentioned above) is often cooled by a fan blowing outside air through it, or in some cases, such as marine applications, by other means such as water.
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                                        Figure 1.1 Vapour Compression cycle
The thermodynamics of the vapour compression cycle can be analyzed on a temperature versus entropy diagram as depicted in Figure 1.2. At point 1 in the diagram, the circulating refrigerant enters the compressor as a saturated vapour. From point 1 to point 2, the vapour is isentropically compressed (i.e., compressed at constant entropy) and exits the compressor as a superheated vapour.
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From point 2 to point 3, the superheated vapour travels through part of the condenser which removes the superheat by cooling the vapour. Between point 3 and point 4, the vapour travels through the remainder of the condenser and is condensed into a saturated liquid. The condensation process occurs at essentially constant pressure. Between points 4 and 5, the saturated liquid refrigerant passes through the expansion valve and undergoes an abrupt decrease of pressure. That process results in the adiabatic flash evaporation and auto-refrigeration of a portion of the liquid (typically, less than half of the liquid flashes). The adiabatic flash evaporation process is isenthalpic (i.e., occurs at constant enthalpy).

Between points 5 and 1, the cold and partially vaporized refrigerant travels through the coil or tubes in the evaporator where it is totally vaporized by the warm air (from the space being refrigerated) that a fan circulates across the coil or tubes in the evaporator. The evaporator operates at essentially constant pressure. The resulting saturated refrigerant vapour returns to the compressor inlet at point 1 to complete the thermodynamic cycle.

It should be noted that the above discussion is based on the ideal vapour-compression refrigeration cycle which does not take into account real world items like frictional pressure drop in the system, slight internal irreversibility during the compression of the refrigerant vapor, or non-ideal gas behavior.
1.2 Overview of Cascade Refrigeration System
Low temperature applications require refrigeration in the range of -30˚C to-100˚C. Single stage vapour compression refrigeration system falls short of achieving such low temperatures due to very high pressure ratios across the compressor. Higher-pressure ratios lead to high discharge and oil temperatures. Also the volumetric efficiency and hence the capacity of the reciprocating compressor reduces to a very low value. Although multistage or screw compressors can help, but the use of single refrigerant at low temperature is restricted by solidification temperature of the refrigerant, extremely low pressures in the evaporator, large suction volumes in the evaporator if a high boiling point refrigerant is used and high condenser pressure if a low boiling refrigerant is used. This necessitates the need to look for other viable options to overcome some or all the above shortcomings.

The characteristics of any refrigerant to exhibit best properties when operating in a certain range of temperature and pressure, gives cascade refrigeration systems an edge over single stage and multistage refrigeration systems for low temperature applications. Cascade refrigeration systems employ series of single stage units which are thermally coupled with evaporator/condenser cascades. Different refrigerant are used in each of the circuit depending on the optimum characteristics shown by the refrigerant for a particular application.

Two stage cascade refrigeration systems employ two circuits namely a high temperature circuit (HTC) and a low temperature circuit (LTC). The high temperature circuit serves to extract heat from the low temperature circuit and the desired cooling is achieved at the evaporator of the low temperature circuit. The two circuits are coupled together by a heat exchanger called the cascade condenser, where the refrigerant vapours of the low temperature cycle are condensed, rejecting heat to the refrigerant in the high temperature cycle. The intermediate temperature between the two circuits is an important design parameter that decides the COP of the entire system.
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Figure 1.3 Cascade Refrigeration System

Figure 1.3 depicts a Cascade refrigeration system and Figure 1.4 presents the corresponding temperature- entropy and pressure- enthalpy diagrams. Figure 1.4 shows that the condensing and evaporating pressures in the HTC circuit are both lower than those in the LTC circuit. 
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Figure 1.4 (a) Temperature-entropy, (b) Pressure-enthalpy diagram of Cascade Refrigeration system

Figure 1.4 indicates that the condenser in this cascade refrigeration system rejects the heat from the condenser to its warm coolant or environment. The evaporator of this cascade system absorbs the refrigerated load from the cold refrigerated space. The heat absorbed by the evaporator of the LTC plus the work input to the LTC compressor equals the heat absorbed by the evaporator of the HTC. The evaporating temperature, the condensing temperature, and the temperature difference in the cascade-condenser are three important design parameters of a cascade refrigeration system. The main components of the cascade refrigeration system are compressor, evaporative condenser, HTC expansion device, cascade-condenser, LTC expansion device and compressor.

1.3  Motivation 
In a cooling system, evaporation and condensing processes occurring in refrigeration systems are as a result of the heat transfer process occurring by means of refrigerants. The design of a cooling system largely depends on the properties of the refrigerants. Refrigerants have been widely used in several areas in the industry for a long time. After the discovery of the harmful effects of CFC based refrigerants on the ozone layer, search to finding alternatives to these working fluids gained more interest in the recent few years. Finding drop-in replacements for CFC based working fluids is important due to their harmful effects on the ozone layer and international conventions are requesting to reduce their usage. Due to the reasons listed, the researchers prompted with the alternatives, which can be used instead of CFCs. In finding the alternatives to the CFC based cooling refrigerants often, mixtures of binary, ternary, or even quartet are suggested. Mixing two or more refrigerants gives us a chance to obtain the desired thermodynamic properties (i.e. often closing to CFC based ones for current systems) of the refrigerants by changing the mixture ratios.
There are five substances generally recognised as ‘natural refrigerants’ in modern refrigeration. Air is used in a variety of gas cycles, with no change of phase, and can achieve reasonably low temperatures, but the low theoretical efficiency of the Brayton cycle and the difficulty of getting close to that ideal have limited its use. Water vapour has been used with large centrifugal and axial turbines in open systems but the low pressures, large swept volumes and evaporation temperature limit of 0○C place severe restrictions on its use and make it fundamentally unsuited to smaller air conditioning systems and industrial cooling and freezing applications. Ammonia, carbon dioxide and hydrocarbons have a broader range of application, and are used in much more conventional systems. Despite a generally excellent safety record there is a strict limit on the allowable charge of hydrocarbon systems, which makes them unsuitable for use in large water chillers and industrial systems unless relevant safety standards can be applied. In many ways ammonia is ideal for large industrial systems where its mild flammability, pungent smell and low threshold limit value do not present problems. It is, however, clearly unsuited to domestic, automotive and small commercial refrigeration and heat pump systems. This leaves carbon dioxide as the only natural refrigerant to find favour across the broad spectrum of automotive, domestic, commercial and industrial refrigeration and air-conditioning systems
In present work, performance of Simple Vapour compression system and Cascade system are evaluated with following set of input data : Evaporator coolant inlet temperature, Condenser coolant inlet temperature, Rate of heat absorbed by evaporator, product of condenser effectiveness and capacitance rate of external fluid, product of evaporator effectiveness and capacitance rate of external fluid and efficiency of compressor using five refrigerants (R22, R134A, R410A, M20 and R407C) for simple vapour compression system and CO2 as LTC refrigerant and Ammonia, Propane, R12, R404A, Propylene as HTC refrigerant for cascade system.
1.3 Organization of Report
Chapter 1- gives the overview of simple vapour compression system and cascade system 

Chapter 2-explains the literature referred in the development of this project.

Chapter 3- deals with the formulation of thermodynamic modelling of simple vapour compression system and cascade system with solution methodology.

Chapter 4- discusses the results obtained from the thermodynamic analysis.

Chapter 5- gives the conclusion of thermodynamic analysis and scope for the future work.
CHAPTER 2

LITERATURE REVIEW

Large number of literature is available on refrigerants, thermodynamic modelling and analysis of Vapour Compression cycle. A brief of literature survey is given below:
2.1 Summary of Literature Survey
2.1.1 Theoretical and Experimental Studies on Vapour Compression Refrigeration System

Selbas et al [1] did the exergy based thermoeconomic optimization of subcooled and superheated vapour compression refrigeration cycle. The advantage of using the exergy method of thermoeconomic optimization is that various elements of the system—i.e., condenser, evaporator, subcooling and superheating heat exchangers—can be optimized on their own. The application consists of determining the optimum heat exchanger areas with the corresponding optimum subcooling and superheating temperatures. A cost function is specified for the optimum conditions. All calculations are made for three refrigerants: R22, R134a, and R407c. Thermodynamic properties of refrigerants are formulated using the Artificial Neural Network methodology.

Wang et al [2] investigated the potential benefits of compressor cooling. The compressor is certainly the largest power consumer in a vapour compression system. To reduce the power consumption of the compressors two performance improving options are investigated theoretically for refrigerants R22, R134a, R410A and R744 as working fluids. The first option is cooling the motor by external means other than using the suction gas. Analysis results for this option show that R22, R410A and R744 have larger potential benefits than R134a. In low temperature refrigeration applications larger improvements are achievable than in air conditioning applications for all four refrigerants. The second option is to make the compression process isothermal by transferring heat from the compression chamber. To approach the isothermal compression process while avoiding wet compression, two cases of combining isothermal and isentropic compression processes are analyzed. The analysis results show that this strategy can reduce the compression work up to 14% as compared to the isentropic compression process for the R22 refrigeration system. The second analysis on the ideal vapour compression cycles using such compressor cooling strategy show that the compression power of the system can be reduced by up to about 16% depending on operating conditions and fluid choice.
Arora et al [3] did the theoretical analysis of a vapour compression refrigeration system with R502, R404A and R507A. Their work presents a detailed exergy analysis of an actual vapour compression refrigeration (VCR) cycle. A computational model has been developed for computing coefficient of performance (COP), exergy destruction, exergetic efficiency and efficiency defects for R502, R404A and R507A. This research study has been done for evaporator and condenser temperatures in the range of 50○C to 0○C and 40OC to 55OC, respectively. The results indicate that R507A is a better substitute to R502 than R404A. The efficiency defect in condenser is highest, and lowest in liquid vapour heat exchanger for the refrigerants considered.

Syed M. Zubair [4] evaluated the performance of vapour Compression System. The characteristic performance curves of vapour-compression refrigeration systems are defined as a plot between the inverse coefficient of performance (1/COP) and inverse cooling capacity (1/Qevap) of the system. A finite- time thermodynamic model which simulates the working of an actual vapour-compression system has been developed. Using the actual data of a simple vapor-compression system, performance curves of the system can be obtained. The curves are linear and this linear relation between 1/COP and 1/Qevap can be explained in the light of various losses of the system, resulting from the irreversibility’s losses due to finite rate of heat transfer in the heat exchangers, non-isentropic compression and expansion in the compressor and expansion valve of the system, respectively. The model can be used to study the performance of a variable-speed refrigeration system in which the evaporator capacity is varied by changing the mass-flow rate of the refrigerant, while keeping the inlet chilled-water temperature as constant. The model can be also used for predicting an optimum distribution of heat-exchanger areas between the evaporator and condenser for a given total heat exchanger area. 
Kilicarslan [5] did the experimental investigation and theoretical study of a different type of two-stage vapor compression cascade refrigeration system using R-134 as the refrigerant. Performance evaluations of two single stage vapor compression systems and two-stage vapor compression refrigeration cascade system are performed with respect to theoretical model developed.

Bhattacharyya et al [6] did the analysis of an endo reversible two-stage cascade cycle and obtained optimum intermediate temperature for maximum exergy and refrigeration effect . Further, the heat reservoir temperatures has been optimised independently. A comprehensive numerical model of a transcritical CO2-C3H8 cascade system was developed with intent to verify the theoretical results.
Bansal et al [7] did the thermodynamic analysis of carbon dioxide–ammonia (R744–R717) cascade refrigeration system to optimize the design and operating parameters of the system. The design and operating parameters considered in his study include (1) condensing, subcooling, evaporating and superheating temperatures in the ammonia (R717) high-temperature circuit, (2) temperature difference in the cascade heat exchanger, and (3) evaporating, superheating, condensing and subcooling in the carbon dioxide (R744) low-temperature circuit. A multilinear regression analysis was employed in terms of subcooling, superheating, evaporating, condensing, and cascade heat exchanger temperature difference in order to develop mathematical expressions for maximum COP, an optimum evaporating temperature of R717 and an optimum mass flow ratio of R717 to that of R744 in the cascade system.
Lee et al [8] studied thermodynamically a cascade refrigeration system that uses carbon dioxide and ammonia as refrigerants, to determine the optimal condensing temperature of the cascade-condenser given various design parameters, to maximize the COP and minimize the exergy destruction of the system. The design parameters include: the evaporating temperature, the condensing temperature and the temperature difference in the cascade-condenser. The results agreed closely with the reported experimental data.
Agnew et al [9] examined the performance of a three stage cascade refrigeration systems employing two different environmental friendly refrigerants with a view to determine the best combination of modern environmental friendly refrigerants to produce the minimum power consumption for a given refrigeration rate. The refrigeration system  employed two stages on the high-pressure side and a single stage on the low-pressure side. The effect of overlap temperature and the efficiency of the compression processes feature in the analysis.
Bhattacharyya et al [10] studied the performance of a cascade refrigeration–heat pump system based on a model incorporating both internal and external irreversibilities. It further explored the optimum allocation of heat exchanger inventories in cascade refrigeration cycles for the maximization of performance and minimization of system cost. In a novel attempt, a CO2–propane cascade system, lately showing good promise as a future solution, has been numerically simulated comprehensively incorporating precision property routines for the working fluids and this numerical model subsequently has been employed for validation of the proposed analytical model.
Winkler et al [11] did the comprehensive investigation of numerical methods in simulating a steady-state vapor compression system. The purpose of his work was to describe and investigate the robustness and efficiency of three unique algorithms used to simulate a modular/component-based vapor compression system. The three algorithms for the steady-state solution of vapor compression have been formulated and tested. Each algorithm has been formulated to simulate multi-evaporator systems. The three solvers were tested by simulating test cycles operating at off-design conditions. The robustness and computational efficiency of each solver were analyzed and the Enthalpy Marching Solver was superior in both of these categories solving 97% of the test cases. Two methods to determine guess values were used and it was shown that the computational effort required determining more accurate guess values paid off in terms of both robustness and total computational effort required. Two closure equations were discussed and the effect of the type of closure equation was analyzed. The test matrix was run for three different equation solvers and the numerical performance of each equation solver was discussed.
Cabell et al [12] made a simplified steady-state modelling of a single stage vapour compression plant. In this work a simplified steady-state model to predict the energy performance of a single stage vapour compression plant was proposed. The model input variables are the total superheating degree, evaporating and condensing temperatures (easily available in an industrial facility), and the main model outputs are refrigerant mass flow rate, cooling capacity, compressor power consumption and COP.
. 
2.2.2 Thermodynamic Properties
Monte [13, 14] calculated thermodynamic properties of R407C and R410A. A theoretical development of the thermodynamic properties of two mixtures of hydrofluoro carbon (HFC) refrigerants, i.e. R407C and R410A (in the superheated vapour state), is carried out. The modelling is based on the Martin-Hou equation of state, which has long been used for pure hydrofluorocarbons (e.g. R134A) with good results. Since R407C and R410A are very well investigated refrigerants, the analytical procedure here derived concerns with those thermodynamic properties of R407C and R410A (in the superheated state) that are not published in the current specialized literature. They are: compressibility factor, isentropic and isothermal compressibility, volume expansivity, isentropic and isothermal exponent, speed of sound and Joule–Thomson coefficient. These properties may be used as a theoretical basis for research into the optimal HFC-mixture for compressor efficiency and for performing cycle calculations in the vapour-phase region for systems working with R407C and R410A.

Ecir et al [15] used ten modeling techniques within data mining process for the prediction of thermophysical properties of refrigerants (R134A, R404A, R407A and R410A). These are linear regression (LR),multi layer perception (MLP), pace regression (PR), simple linear regression (SLR), sequential minimal optimization (SMO), KStar, additive regression (AR), M5 model tree, decision table (DT), M5’Rules models. Relations depending on temperature and pressure were carried out for the determination of thermophysical properties as the specific heat capacity, viscosity, heat conduction coefficient, density of the refrigerants. Obtained model results for every refrigerant were compared and the best model was investigated. Results indicate that use of derived formulations from these techniques will facilitate design and optimization of heat exchangers which is component of especially vapour compression refrigeration system.
Selbas et al [1] formulated thermodynamic properties of refrigerants using the Artificial Neural Network methodology. Arora et al [3] and Bansal et al[7] obtained the thermodynamic properties of refrigerants by using Engineering equation solver ( EES) software. Syed M. Zubair[4] obtained the thermodynamic properties of refrigerant by using SATPRP software. Lee et al [8] obtained the thermodynamic properties of refrigerant by using software developed by IIR.
2.2.3 Refrigerants

Calm [16] reviewed the progression of refrigerants, from early uses to the present, and then addresses future directions and candidates. The article breaks the history into four refrigerant generations based on defining selection criteria. It discusses displacement of earlier working fluids, with successive criteria, and how interest in some early refrigerants re-emerged, for example renewed interest in those now identified as ‘‘natural refrigerants.’’ The paper examines the outlook for current options in the contexts of existing international agreements, including the Montreal and Kyoto Protocols to avert stratospheric ozone depletion and global climate change, respectively. It also examines other environmental concerns and further international and local control measures. The discussion illustrates how isolated attention to individual environmental issues or regulatory requirements, in contrast to coordinated responses to the several issues together, can result in unintended environmental harm that almost certainly will require future reversals. It identifies pending policy and regulatory changes that may impact the next generation of refrigerants significantly.
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Figure 2.1 Refrigerant Progression
Pearson [17] traced the development of the old carbon dioxide systems, considered the technical, commercial and social reasons for their slow development and subsequent decline and examined the recent renaissance across a surprisingly broad range of applications, from trans-critical car air conditioners to low temperature industrial freezer plants.
Jain et al [18] showed that carbon dioxide is a potential low temperature refrigerant for temperature down to -50oC due to its low cost, easy availability, and favourable properties. CO2 is an odourless, colorless, and non flammable eco friendly refrigerant that is available as a by product from many processes and plants. Due to its high pressure at low temperatures, it requires a smaller compressor. Although carbon dioxide is a global warming gas, its use in refrigeration systems does not actually contribute to global warming as it is not produced as a refrigerant but captured as a by-product from a process plant.

Lal et al [19] experimental investigation on the performance of a window air-conditioner operated with R22 and M20 refrigerant mixture tested at different refrigerant charge levels. It was concluded that among the mixtures considered M20 (R407C 80% & HC blend 20%) had the optimal composition in respect of better COP and per day energy consumption. R407C is one of the most likely potential substitutes for R22, which is an"ozone-friendly" HFC refrigerant mixture.
Samant [20] did the design and development of two stage cascade refrigearation system using CO2 as LTC refrigerant and Propane as HTC refrigerant.
2.2 Conclusions of Literature Survey


· A large number of literature is available on vapour compression and cascade system. There are so many thermodynamic models which are available for their analysis and used by researchers to measure the performance of vapour compression and cascade systems with different refrigerants. 
· Different refrigerants have different effect on the performance of vapour compression and cascade system and are having different physical and atmospheric properties.
· There is a large literature on various techniques for measuring the thermodynamic properties of different refrigerants.

2.3 Objective of Present Work

· In the present work, a general purpose thermodynamic model of vapour compression cycle and cascade system is written in Matlab 7.1.
· The performance of simple vapour compression cycle is evaluated using five refrigerants (R22, R134A, R407C, M20 & R410A).
· The performance of all the refrigerants (R134A, R407C, M20 & R410A) are compared with R22 in simple vapour compression cycle to find its substitute.
· The performance of cascade system is evaluated with CO2 as LTC refrigerant and Ammonia, Propane, R12, R404A, Propylene as HTC refrigerant.
· The performances of all the refrigerants (Ammonia, Propane, R12 and Propylene) are compared with R404A in cascade system.
· The properties of all the refrigerants are taken from Refprop software which is interfaced with Matlab 7.1.

CHAPTER 3

THERMODYNAMIC MODELLING

The development of refrigeration system models which simulates the actual working of a reciprocating chiller has been the goal of many researchers. In this project a property dependent finite time thermodynamic model of a simple reciprocating system given by Zubair [4], which can simulate the performance of actual system as closely as possible, is developed.  
3.1 Finite-Time Thermodynamic Model of Simple VCR System
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Figure 3.1 Pressure-Enthalpy diagram for Simple VCRS

Considering the steady-state cyclic operation of the system as shown in Figures 3.1 and 3.2, saturated refrigerant vapour enters the compressor at state 4 and saturated liquid exits the condenser at state 1.The refrigerant then flows through the expansion valve to the evaporator. Referring to Figure 3.2, using the first law of thermodynamics and the fact that change in internal energy is zero for a cyclic process, we get 

Qcond + Q loss, cond – (Qevap + Q loss, evap) – W = 0                   …..(1)

[image: image7]Figure 3.2 Schematic diagram of a simple VCRS
Heat transfer to and from the cycle occurs by convection to flowing fluid streams with finite mass-flow rates and specific heats. Therefore, the heat-transfer rate to the cycle in the evaporator becomes 
Qevap = (єC)evap (T in, evap – Tevap ) =  mref  (h3 - h2)                                  …..(2)                

Similarly, the heat-transfer rate between the refrigeration cycle and the sink in the condenser is
Qcond  = ( єC)cond (Tcond – T in, cond) = mref (h6 - h1)                              …..(3)

The power required by the compressor is described in terms of an isentropic efficiency, given by

W =  mref  (h5 - h4) = Ws/ηisen                                                              …….(4)                                                                                                   

We assume that the heat leaking into the suction line is
Q loss, evap =  mref  (h4 - h3)                                                                     …..(5)

 Similarly, the heat leakage from the discharge can be expressed as 
Q loss, cond = mref  (h5 – h6)                                                                   …..(6)
The COP is defined as the refrigerating effect over the net work input, i.e. 

COP = Qevap /W                                                                                  …..(7)
Refrigerating efficiency is given by

ηref = COP/COPcarnot                                                                        …….(8a)
Where, COPcarnot =  Tevap / ( Tcond – Tevap)                                       ………(8b)
The exit temperature of external fluid at evaporater can be found from the following equation,

Qevap = Cevap (T in, evap – Tout, evap )                                                   ………(9a)
The exit temperature of external fluid at condenser can be found from the following equation
Qcond = Ccond (T out, cond  – Tin, cond )                                                ………(9b)

[image: image8] 

3.1.1 Exergy analysis of Simple VCRS
Exergy analysis is powerful tool in the design, optimization, and performance evaluation of energy systems. The principles and methodologies of exergy analysis are well established. An exergy analysis is usually aimed to determine the maximum performance of the system and identify the sites of exergy destruction.  Exergy analysis of a complex system can be performed by analysing the components of the system separately. Idetifying the main sites of exergy destruction shows the direction for potential improvements.  An important objective of exergy analysis for system that consume work such as refrigeration, liquefaction of  gases, and distillation of water is finding the minimum work required for a certain desired result. Exergy analysis is applied to a system describes all loses both in the various components of the system and in the system as a whole. With the help of this analysis the magnitude of these losses or irreversibilities and their order of importance can be understood. With the use of irreversibility, which is a measure of process imperfection, the optimum operating conditions can be easily determined. It is possible to say that exergy analysis can indicate the possibilities of thermodynamic improvement for the process under consideration. 

The difference of the flow availability of a stream and that of the same stream at its restricted dead state is called flow exergy (e) and by ignoring chemical exergy terms, is given by 
e = (h – T0s) + 0.5 V2 + gZ – (h0 – T0s0)



   …….(10)

Ignoring the potential and kinematic energy terms, Eq. (10) becomes
e = (h – T0s) – (h0 – T0s0)
           




………(11)
The energy balance equation is given by 

Ew = (EQ  + ((me)i  - ((me)o + T0Sgen  


 
………(12)         

In equation (12) the term T0Sgen is defined as the irreversibility and can be written as:

I = T0Sgen 








………(13)
If the above exergy analysis formulations are performed on each component of the simple vapour compression system shown in Figure 3.2, the exergy destruction of each element can be found. Thus:
Exergy destruction in compressor
Xcomp = mref (e4 – e5) - W




                   ………….(14)
Exergy destruction in condenser

Xcond  = mref (e6 -e1)+ mef, cond (e9 - e10)  



     …………….(15)
Exergy destruction in evaporator

Xevap =  mref  (e2-e3) +mef, evap (e7 – e8)       


 ………………(16)
Exergy destruction in throttle valve

Xtv=  mref  (e1-e2)                                                          
 ……………….(17)
Total exergy destruction of the system is given by

Xtotal=(Xtv)+(Xevap)+(Xcond)+(Xcomp)



………………(18)
Exergitic efficiency is given by [3]
ηex = Exergy of  product/ Exergy of fuel


     
     …………..(19)    
For the vapour compression refrigeration system, product is the exergy of the heat abstracted in to the evaporator from the space to be cooled and exergy of fuel is actual compressor work input.
The exergy destruction ratio is defined as,
Exergy Destruction Ratio ( EDR) = Total Exergy Destruction / Exergy of  product ..(20)
3.2 Methodology of Simple VCRS
The above equations have been solved numerically by using the thermodynamic property data for five refrigerants (R22, R134A, R410A, M20 and R407C). The flow chart representing the method of solving is shown in Figure 3.3(a). For this purpose a computer program is written in Matlab 7.1. The program gives the COP and all other system parameters (compressor work, enthalpy and entropy at different state points, exergy destruction in different components, refrigerant mass flow rate, EDR, Exergitic efficiency, temperature and pressures at different state points etc)  for the following set of input data: Evaporator coolant inlet temperature (Tin, evap in K), Condenser coolant inlet temperature (Tin, cond in K), rate of heat absorbed by evaporater ( Qevap in kW), product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K], product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K] and efficiency of compressor ( ηisen).     





Figure 3.3(b) Block diagram of thermodynamic model of simple VCRS
3.3 Finite-Time Thermodynamic Model of Cascade refrigeration System
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Figure 3.4 Pressure-enthalpy diagram for cascade refrigeration system
A schematic diagram of a cascaded refrigeration system has been illustrated in Figure 3.5. The HT side is designed for high temperature heating and the LT side is used for low temperature refrigeration applications. The corresponding scaled P-h diagram including saturated line and secondary fluid lines is shown in Figure 3.4. The cascade system can be used for generation of ice slurry at the temperature of -5○C to – 35○C [21]. The system employs only counterflow heat exchangers. The thermodynamic analysis of the two-stage cascade refrigeration system was performed based on the following general assumptions:
(i) Adiabatic compression with given isentropic efficiency for both high- and low-temperature compressors,

(ii) Negligible pressure and heat losses/gains in the pipe networks or system components,

(iii) Isenthalpic expansion of refrigerants in expansion valves,
(iv) Negligible changes in kinetic and potential energy.
The thermophysical properties of the refrigerants specified in this project are calculated using a software package REFPROP. The following sequence of equations was applied for the analysis.
The heat-transfer rate to the cycle in the evaporater is given by
Qevap = (єC)evap (T in, evap – Tevap )     



   …………(21)
Temperature of Cascade condenser for low temperature circuit is given by
T6=To + dToverlap





       ……….……(22)

Isentropic efficiency of LTC compressor is given by
nisen = (h5s-h4)/(h5 – h4)                                                 ……………….(23)
Since process 1-6 is isoenthalpic prosess,
h1=h6







      ……………..(24)

Mass flow rate of refrigerant in LTC can be calculated from following equation,
Qevap = mltc (h3  - h1)




        ……………(25)

Assuming there is n % of heat loss in the discharge line of compressor

Qloss= n Qevap




            …………….….(26)
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We assume that the heat leaking into the discharge line of LTC is
Q loss =  mltc  (h5 – h51)                                                           ……………..(27)

Isentropic efficiency of HTC compressor is given by

nisen = (h9s-h8)/(h9 – h8)                                                         ……………….(28)
Process 12-7 is isoenthalpic. So
h 7 = h12







      …………...(29)
Mass flow rate of refrigerant in HTC is given by

mhtc= mltc ((h51-h6) / (h8-h7))



  
       …………..(30)
We assume that the heat leaking into the discharge line of HTC is
Q loss = mhtc  (h9 – h91)                                                                  …………..(31)

Heat transferred in condenser is given by
Qcond=(єC)cond (Tcond-Tin, cond)= mhtc (h92 - h11)


     …………….(32)
Total power input to the compressor is given by

W = (mltc (h5-h4) + mhtc  (h9-h8))




  ………………(33)
Hence, COP = Qevap/W





………………(34)
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3.4 Methodology of Cascade System
The above equations have been solved numerically by using the thermodynamic property data for all the five refrigerants (CO2, Ammonia, Propane, Propylene, R12, and R404A). The flow chart representing the method of solving is shown in Figure 3.6(a). For this purpose a computer program is written in Matlab 7.1. The program gives the COP and all other system parameters ( total compressor work, enthalpy and entropy at different state points, exergy destruction in different components, refrigerant mass flow rate in LTC and HTC, temperature and pressures at different state points etc)  for the following set of input data: Evaporator coolant inlet temperature (Tin, evap in K), Condenser coolant inlet temperature (Tin, cond in K), Rate of heat absorbed by evaporater ( Qevap in kW), product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K], product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K] and  isentropic efficiency of compressor ( ηisen), Degree of approach (dToverlap in K), Degree of  superheating in evaporator (dTevap, superheat  in K), degree of superheating in suction line (dTsuction, superheat in K), Degree of subcooling in condenser (dTcondenser, subcool in K), degree of subcooling in discharge line (dTline, subcool).




Figure 3.6(b) Block diagram of thermodynamic model of cascade system

CHAPTER 4
RESULTS AND DISUSSIONS

This chapter deals with the results and discussion for simple VCRS and Cascade system. Methodology and formulation for these systems are given in Chapter 3. 
4.1 Results and discussions for Simple VCRS

The thermodynamic model given in chapter 3 is used to evaluate the performance of vapour compression system. The performance is evaluated with five refrigerants. The results obtained are discussed below. It should be noted that for an actual system, as the refrigeration capacity of the system varies, the performance of the compressor and heat exchanger represented by compressor efficiency and effectiveness respectively, will not be constant. However for the present investigation, we have considered these parameters constant.

4.1.1 Input conditions

The input to the thermodynamic model are Evaporator coolant inlet temperature (Tin, evap in K), Condenser coolant inlet temperature (Tin, cond in K), rate of heat absorbed by evaporator ( Qevap in kW), product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K], product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K] and efficiency of compressor (ηisen).The thermodynamic properties of various refrigerants at various state points are taken from Refprop. The values of inputs at design point are given in Table 4.1.
Table 4.1 Values of inputs at design point
	Parameters
	Values

	Evaporator coolant inlet temperature (Tin, evap in K)
	277

	Condenser coolant inlet temperature (Tin, cond in K)
	313

	Rate of heat absorbed by evaporator ( Qevap in kW)
	66.67

	Product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K]
	9.39

	product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K]
	8.2

	efficiency of compressor (ηisen)
	0.65


The values of outputs obtained from thermodynamic model for different refrigerants are given in table 4.2(a), (b), (c), (d) and (e).
Table 4.2(a) Values of outputs at design point for R22
	State point


	Mass flow rate 
( kg/s)
	Temperature ( K)
	Pressure ( MPa)
	Enthalpy

(kJ/kg)
	Entropy

(kJ/kg)
	Exergy

(kJ/kg)

	1
	0.475
	323.05
	1.938
	263.11
	1.2076
	60.78

	2
	0.475
	268.87
	0.432
	263.11
	1.235
	52.74

	3
	0.475
	268.87
	0.432
	403.44
	1.757
	40.15

	4
	0.475
	272.77
	0.432
	406.24
	1.7673
	39.92

	5
	0.475
	374.5
	1.938
	465.9
	1.8249
	82.70

	6
	0.475
	368.09
	1.938
	460.29
	1.8098
	81.52

	7
	4.88
	277
	0.101
	16.28
	0.0588
	1.903

	8
	4.88
	273.74
	0.101
	2.5828
	0.0091
	2.780

	9
	18.64
	313
	0.101
	313.39
	6.9093
	0.657

	10
	18.64
	318.02
	0.101
	318.45
	6.9253
	1.018


Table 4.2(b) Values of outputs at design point for R134A
	State point


	Mass flow rate 

( kg/s)
	Temperature ( K)
	Pressuere ( MPa)
	Enthalpy

(kJ/kg)
	Entropy

(kJ/kg)
	Exergy

(kJ/kg)

	1
	0.535
	323.05
	1.314
	271.47
	1.237
	41.42

	2
	0.535
	268.87
	0.25
	271.47
	1.2661
	32.89

	3
	0.535
	268.87
	0.25
	396.09
	1.7296
	21.705

	4
	0.535
	271.71
	0.25
	398.58
	1.7388
	21.496

	5
	0.535
	348.42
	1.314
	452.64
	1.7945
	59.24

	6
	0.535
	343.91
	1.314
	447.65
	1.7801
	58.47

	7
	4.878
	277
	0.101
	16.28
	0.0588
	1.9033

	8
	4.878
	273.74
	0.101
	2.5828
	0.0091
	2.7804

	9
	18.64
	313
	0.101
	313.39
	6.9093
	0.6575

	10
	18.64
	318.02
	0.101
	318.45
	6.9253
	1.0186


Table 4.2(c) Values of outputs at design point for R410A
	State point


	Mass flow rate 

( kg/s)
	Temperature ( K)
	Pressure ( MPa)
	Enthalpy

(kJ/kg)
	Entropy

(kJ/kg)
	Exergy

(kJ/kg)

	1
	0.499
	323.45
	3.091
	287.68
	1.3527
	86.63

	2
	0.499
	268.87
	0.696
	287.68
	1.3928
	74.87

	3
	0.499
	268.87
	0.696
	421.16
	1.8893
	62.91

	4
	0.499
	271.4
	0.696
	423.83
	1.8990
	62.71

	5
	0.499
	367.94
	3.091
	488.58
	1.9623
	108.91

	6
	0.499
	363.622
	3.091
	483.24
	1.9477
	107.85

	7
	4.88
	277
	0.101
	16.28
	0.0588
	1.9033

	8
	4.88
	273.74
	0.101
	2.5828
	0.0091
	2.7804

	9
	18.64
	313
	0.101
	313.39
	6.9093
	0.6575

	10
	18.64
	318.225
	0.101
	318.66
	6.9259
	1.0345


Table 4.2(d) Values of outputs at design point for R407C
	State point


	Mass flow rate 

( kg/s)
	Temperature ( K)
	Pressuere ( MPa)
	Enthalpy

(kJ/kg)
	Entropy

(kJ/kg)
	Exergy

(kJ/kg)

	1
	0.511
	323.05
	2.21
	277.86
	1.354
	62.44

	2
	0.511
	268.87
	0.492
	277.86
	1.3862
	53.01

	3
	0.511
	268.87
	0.492
	408.24
	1.8637
	43.51

	4
	0.511
	275.08
	0.492
	410.85
	1.8731
	43.34

	5
	0.511
	358.3
	2.21
	466.84
	1.9292
	82.9

	6
	0.511
	353.94
	2.21
	461.62
	1.9145
	81.98

	7
	4.88
	277
	0.101
	16.28
	0.0588
	1.9033

	8
	4.88
	273.74
	0.101
	2.5828
	0.0091
	2.7804

	9
	18.64
	313
	0.101
	313.39
	6.9093
	0.6575

	10
	18.64
	318.02
	0.101
	318.45
	6.9254
	1.0186


Table 4.2(e) Values of outputs at design point for M20
	State point


	Mass flow rate 

( kg/s)
	Temperature ( K)
	Pressure ( MPa)
	Enthalpy

(kJ/kg)
	Entropy

(kJ/kg)
	Exergy

(kJ/kg)

	1
	0.542
	323.2
	2.472
	312.65
	1.5073
	75.69

	2
	0.542
	268.87
	0.608
	312.65
	1.5462
	64.3

	3
	0.542
	268.87
	0.608
	435.76
	1.9955
	55.75

	4
	0.542
	275.93
	0.608
	438.23
	2.0045
	55.59

	5
	0.542
	364.88
	2.472
	494.63
	2.0619
	95.17

	6
	0.542
	361.46
	2.472
	489.71
	2.0478
	94.39

	7
	4.88
	277
	0.101
	16.28
	0.0588
	1.9033

	8
	4.88
	273.74
	0.101
	2.5828
	0.0091
	2.7804

	9
	18.64
	313
	0.101
	313.39
	6.9093
	0.6575

	10
	18.64
	318.1
	0.101
	318.53
	6.9255
	1.0245


Table 4.3 Values of various performance parameters at design point
	Parameters
	R22
	R134A
	R410A
	R407C
	M20

	COP
	2.352
	2.31
	2.06
	2.329
	2.182

	Compressor work ( kW)
	28.352
	28.921
	32.337
	28.628
	30.544

	%Refrigerating efficiency
	47.39
	46.45
	41.85
	46.93
	44.09

	Total exergy destruction (kW) 
	16.65
	17.38
	20.4
	17.05
	18.91

	% Exergy destruction in compressor
	48.13
	50.18
	45.41
	49.24
	48.19

	% Exergy destruction in condenser
	18.73
	13.76
	17.5
	19.11
	17.34

	% Exergy destruction in evaporater
	10.22
	9.81
	8.31
	3.37
	1.83

	% Exergy destruction in throttle valve
	22.92
	26.25
	28.78
	28.27
	32.64

	% Exergitic efficiency
	15.1
	14.79
	13.25
	14.95
	14.02

	EDR
	3.89
	4.06
	4.76
	3.98
	4.415


4.1.2 Characteristic Performance curves

The characteristic performance curves of vapour-compression refrigeration systems are defined as a plot between the inverse coefficient of performance (1/COP) and inverse cooling capacity (1/Qevap) of the system. Figure 4.1 (a) shows the characteristic chiller performance curve obtained by using the R22 thermodynamic model for Tin,,cond = 313K, (єC)cond = 9.39 kW/K, (єC)evap = 8.20 kW/K, ηisen = 0.65, and (єC)evap = f (Tevap, Tin,evap). Product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap] is taken from the actual performance of the system reported by Syed M. Zubair [4]. The values of [(єC)evap] for the actual system obtained by Syed M. Zubair [4] at the evaporater capacity of 50 kW, 66.67 kW and 100 kW are 4.17 kW/K, 8.2 kW/K and 11.11 kW/K respectively. It was found that the characteristic performance curve for the  thermodynamic model of R22 is nearly same,  as obtained for the  actual system in [4] indicating the validity of the thermodynamic model.
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Figure 4.1 (a) Performance curve for the thermodynamic model for R22

 
The slight discrepancy with actual values (not shown in Figure 4.1(a)) is mainly due to the fact that the compressor efficiency of an actual system is a function of evaporator and condenser pressures, whereas in the present analysis it is taken as a constant (representative) value. Thus the present model can be used for design and evaluation purpose. 
Presently the model has been used to study the performance of a variable-speed refrigeration system in which the evaporator capacity is varied by changing the mass-flow rate of the refrigerant, while keeping the inlet chilled-water temperature as constant. The model can be used to study the variation of refrigerating efficiency for the variable speed system. The effect of subcooling and superheating can also be analyzed by the model. The model can further be extended for exergy analysis of refrigeration system.

The characteristic performance curves of vapour-compression refrigeration systems are defined as a plot between the inverse coefficient of performance (1/COP) and inverse cooling capacity (1/Qevap) of the system. In Figure 4.1 (b) the effect of variation of inverse of cooling capacity (1/Qevap) with inverse of coefficient of performance (1/COP) are shown for R134A, R410A, M20 and R407C respectively in comparison to R22. For all the cases input conditions are Tin, cond = 313K, (єC)cond = 9.39 kW/K, (єC)evap = 8.20 kW/K, ηisen = 0.65, and (єC)evap = f (Tevap, Tin, evap) (The values of [(єC)evap] for the at the evaporater capacity of 50 kW, 66.67 kW and 100 kW are 4.17 kW/K, 8.2 kW/K and 11.11 kW/K respectively reported by [4]). 
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Figure 4.1 (b) Performance curves for the thermodynamic model for

 R22, R134A, R407C, R410A and M20

From the graphs it can be seen that there is an approximate linear relationship between 1/COP and 1/Qevap. As shown in Figure 4.1 (a) for R22 the refrigeration capacity varies from 50 kW to 100 kW and corresponding variation in COP is 2.083 to 2.936. The performance characteristic curve for R134A is also shown in Figure 4.1 (b) in comparison to R22. For R134A system COP varies from 2.031 to 2.903. At the designed point COP of R134A is 1.78% lesser than R22. In case of R410A COP varies from 1.845 to 2.508 which is lower than R22 for given range of refrigeration capacity.

At the designed point COP of R410A is 12.41% lower than R22 system. COP for 407C varies from 2.062 to 2.906. At the designed point COP of R407C is 0.97 % lower than R22 system. For M20, COP varies from 1.938 to 2.796. At the designed point COP of M20 is 7.22% lower than R22 system. The comparison of above graphs shows that from COP point of view, the nearest substitute of R22 is R407C.
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Figure 4.2(a) Variation of temperature with inverse of cooling capacity for R22

Figure 4.2(a) shows the effect of variation of inverse of cooling capacity on system temperature for R22. Tin, cond, Tin, evap, Tevap data are independent of refrigerant. There is very slight change in condenser temperature (Tcond) for different refrigerants which can be seen by Figure 4.2 (b). The amount of heat transfer in condenser for R22, R410A, R134A, R407C and M20 are 94.36 kW, 98.12 kW, 94.36 kW, 94.36 and 95.77 kW respectively. 
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Figure 4.2(b) Variation of condenser temperature with inverse of cooling capacity 
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Figure 4.2(c) Variation of condenser pressure with inverse of cooling capacity
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Figure 4.2(d) Variation of evaporator pressure with inverse of cooling capacity
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Figure 4.2(e) Variation of pressure ratio with inverse of cooling capacity
 Figure 4.3 and 4.4 shows the comparison of variation of mass flow rate and inverse of COP with inverse of cooling capacity for R134A, R410, M20, R407C and R22. It can be seen from Figures 4.2, 4.3 and 4.4 that, at high evaporator capacity, the refrigerant mass-flow rate through the system is high and, thus, the temperature difference in the heat exchangers is also high. Condenser pressure is also high whereas evaporator pressure is less. Therefore, the losses due to finite-temperature difference in the heat exchangers are also high and, hence, the COP is reduced. But as the capacity is decreased, the temperature difference in heat exchangers also decreases, Condenser pressure is also decreases whereas evaporator pressure increase therefore the losses due to the finite rate of heat transfer also decreases and the COP of the system increases. At the designed point refrigerant mass flow rate for R22, R134A, R410A, R407C and M20 are 0.475 kg/s, 0.535 kg/s, 0.499 kg/s, 0.511 kg/s and 0.542 kg/s respectively. At the design point pressure ratio is maximum for R134A and is minimum for M20.
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Figure 4.3 Variation of mass flow rate with inverse of cooling capacity
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Figure 4.4 Variation of inverse of COP with inverse of cooling capacity

Figure 4.5 shows the variation in refrigerating efficiency for the variable speed system As expected, the refrigerating efficiency decreases with refrigeration capacity owing to increased irreversible losses in the heat exchangers at high evaporator capacity. However, the Figure 4.5 shows that, for refrigerating capacity less than the design point value, the efficiency of a variable speed system is high. It should be emphasized that the chilled water inlet temperature is kept constant with evaporator capacity for a variable-speed system which makes the refrigerating efficiency greater than the fixed-speed system at low refrigerating capacity. The refrigerating efficiency is maximum for R22 and is minimum for R410A at the designed point for the entire range of evaporation capacity.
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Figure 4.5 Variations in refrigerating efficiency with 1/Qevap
4.1.3 Effect of Evaporator and Condenser inlet temperature of external fluids
Figure 4.6 (a) and (b) shows the effect of inlet evaporator temperature of external fluid on COP and refrigerant mass flow rate. It can be seen that as the inlet temperature of external fluid at evaporator increases, COP of system increases and refrigerant mass flow rate decreases. At high evaporator inlet temperature, the refrigerant mass flow rate through the system is decreased and thus, the temperature difference in the heat exchangers is also low. Therefore, the losses due to finite temperature difference in the heat exchangers are also low and, hence, the COP  is increased.
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Figure 4.6(a) Effect of External fluid inlet temperature of Evaporator on COP
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Figure 4.6(b) Effect of External fluid inlet temperature of Evaporator on mass flow 
Figure 4.7(a) and (b) shows the effect of inlet condenser temperature of external fluid on COP and refrigerant mass flow rate. An opposite trend exists for the system COP and refrigerant mass flow rate as expected. From the Figure 4.7 (a) & (b) it can be seen that as the inlet temperature of external fluid at condenser increases, COP of system decreases and refrigerant mass flow rate increases. Higher the inlet temperature of condenser, less is the amount of heat rejected in condenser and hence, the system COP will decrease. 
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Figure 4.7(a) Effect of External fluid inlet temperature of Condenser on COP
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Figure 4.7(b) Effect of External fluid inlet temperature of Condenser on mass flow

4.1.4 Effect of Subcooling and Superheating

The superheating of refrigerant (after exiting the evaporator and before entering the compressor) may occur owing to the heat gain in the line joining the evaporator and compressor. This heat gain process is shown from state 3 to 4 in Figure 3.2.
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Figure 4.8 (a)Effect of superheating and subcooling for R22 on system performance

It should be noted that the specific volume of refrigerant vapour is increased owing to superheating, thus reducing the mass-flow rate through the fixed-displacement compressor. On the other hand, subcooling the refrigerant beyond the saturated state after exiting the condenser and before entering the expansion valve normally occurs owing to heat losses in the line joining the condenser and expansion valve. It is expected that subcooling increases the system performance because the specific refrigeration capacity increases with subcooling.

 
Figure 4.8(a) shows the separate effect of superheating, subcooling and both superheating and subcooling for R22.The superheating degrades the performance of the system, while subcooling improves the system COP. When we take equal amounts of superheating and subcooling, the performance degrades. Therefore, the figure 4.8 (a) shows that, for the given operating condition, the effect of superheating has more influence on the system overall performance. Figure 4.8 (b), (c) and (d) shows the effect of superheating, subcooling and combined effect of superheating and subcooling respectively for R22, R134A, R407C, R410A and M20 refrigerants.
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Figure 4.8(b) Effect of superheating on system performance
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Figure 4.8(c) Effect of subcooling on system performance
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Figure 4.8(d) Combined Effect of superheating & subcooling on system performance

4.1.5 Exergy analysis of simple VCR system

Figure 4.9 (a) to 4.9 (d) shows the effect of inlet temperature of external fluid of evaporator on % exergy destruction in compressor, condenser, evaporator and throttle valve respectively for various refrigerants.
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Figure 4.9(a) Effect of inlet evaporator temperature on exergy destruction in Compressor
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Figure 4.9 (b) Effect of inlet evaporator temperature on exergy destruction in Condenser
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Figure 4.9 (c) Effect of inlet evaporator temperature on exergy destruction in Evaporator
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Figure 4.9 (d) Effect of inlet evaporator temperature on exergy destruction in Throttle Valve
From the graphs it can be seen that as the inlet temperature of external fluid of evaporator temperature increases, the exergy destruction in compressor increases, in condenser increases, in evaporator increases and in throttle valve decreases for all the five refrigerants. At the design point the exergy destruction is maximum for R134A and is minimum for R410A in compressor. At the design point the exergy destruction is maximum for R407 C and is minimum for R134A in condenser. At the design point the exergy destruction in evaporator is maximum for R22 and is minimum for M20. In throttle valve exergy destruction is maximum for M20 and is minimum for R22 at the design point. From the Figure 4.9(e) it can be seen that the maximum exergy destruction in the system takes place in compressor followed by throttle valve which is followed by condenser and then evaporater for any refrigerant at the given evaporator temperature.
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Figure 4.9(e) Percentage exergy destruction at design point

Figure 4.10 (a) shows the variation of total exergy destruction in system with inlet temperature of external fluid at evaporater. From the figure it can be observed that as the inlet temperature of coolant increases, total exergy destruction in the system decreases for all refrigerants. Total exergy destruction is maximum for R410A and is minimum for R22 for a given inlet evaporator temperature of external fluid.
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Figure 4.10(a) Variation of total exergy destruction with evaporator temperature
  
Figure 4.10(b) shows the variation of exergitic efficiency of system with inlet temperature of external fluid at evaporator. It can be observed that as the inlet temperature of coolant increases, exergitic efficiency in the system decreases. Exergitic efficiency is maximum for R22 and is minimum for R410A for a given evaporator inlet temperature.
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Figure 4.10(b) Variation of Exergitic Efficiency with evaporator temperature
Figure 4.10(c) shows the variation of exergy destruction ratio of system with inlet temperature of external fluid at evaporater. From the figure it can be observed that as the inlet temperature of coolant increases, EDR of the system increases for all refrigerants. System EDR is maximum for R410A and is minimum for R22 for a given inlet evaporator temperature.
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Figure 4.10(c) Variation of EDR with evaporator temperature

Figure 4.11 (a), (b), (c) & (d) shows the effect of inlet temperature of external fluid at condenser on % exergy destruction in compressor, condenser, evaporator and throttle valve respectively for various refrigerants.
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Figure 4.11(a) Effect of inlet condenser temperature on exergy destruction in Compressor
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Figure 4.11(b) Effect of inlet condenser temperature on exergy destruction in Condenser
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Figure 4.11(c) Effect of inlet condenser temperature on exergy destruction in Evaporator
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Figure 4.11(d) Effect of inlet condenser temperature on exergy destruction in Throttle valve

From the graphs it can be seen that as the condenser temperature increases, the exergy destruction in compressor, condenser and evaporater decreases for all the five refrigerants. In throttle valve, exergy destruction increases with increase in inlet temperature of external fluid for all five refrigerants. At the design point the exergy destruction is maximum for R134A and is minimum for R410A in compressor. At the design point the exergy destruction is maximum for R407C and is minimum for R134A in condenser. At the design point the exergy destruction in evaporator is maximum for R22 and is minimum for M20. In throttle valve exergy destruction is maximum for M20 and is minimum for R22 at the design point
Figure 4.12(a) shows the variation of total exergy destruction in system with inlet temperature of external fluid at condenser. From the Figure it can be observed that as the inlet temperature of coolant increases, total exergy destruction in the system increaser for all refrigerants. Total exergy destruction is maximum for R410A and is minimum for R22 for a given inlet condenser temperature.
[image: image43.emf]12

14

16

18

20

22

24

26

28

307 310 313 316 319

Inlet temp of external fluid at condenser (K)

Total Exergy destruction (kW)

R22

R134A

R410A

R407C

M20


Figure 4.12(a) Variation of total exergy destruction with condenser temperature
Figure 4.12(b) shows the variation of exergitic efficiency of system with inlet temperature of external fluid of condenser. From the figure it can be observed that as the inlet temperature of coolant increases, exergitic efficiency in the system decreases for all refrigerants. Exergitic efficiency is maximum for R22 and is minimum for R410A for any inlet evaporator temperature range.
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Figure 4.12(b) Variation of Exergitic efficiency with condenser temperature
 
 Figure 4.12(c) shows the variation of exergy destruction ratio of system with inlet temperature of external fluid at condenser. From the Figure it can be observed that as the inlet temperature of coolant increases, EDR of the system increases for all refrigerants. EDR is maximum for R410A and is minimum for R22 for a given inlet condenser temperature.
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Figure 4.12(c) Variation of EDR with condenser temperature

Figure 4.13(a) & (b) shows the variation of exergitic efficiency and EDR with dead state temperature respectively. With increase in dead state temperature, exergitic efficiency increases and EDR decreases. Both are inversely proportional to each other.
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Figure 4.13(a) Variation of Exergitic efficiency with dead state temperature
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Figure 4.13(b) Variation of EDR with dead state temperature

4.2 Summary of Relative Comparison of Refrigerants with R22

On the basis of above results, R134A, R410A, M20and R407C are compared with R22 at the designed point ( Qevap = 66.67 kW, Tin, evap = 277 K, (єC)evap = 8.2kW/K, Tin, cond = 313K, (єC)cond = 9.39 kW/K, (єC)evap = 8.20 kW/K and ηisen = 0.65).The comparison in tabular format is given below. From below table it can be seen that for same input conditions pressure ratio is maximum for R134A and is minimum for M20.
Table 4.4 Summary of relative comparison of refrigerants with respect to R22
	FACTORS
	R410A
	R407C
	R134A
	M20

	Pressure ratio
	99.01 %
	100.12 %
	117.18 %
	90.78 %

	Refrigerant charge
	105.05 %
	107.57 %
	112.63 %
	114.1 %

	COP
	87.67 %
	99.02 %
	98 %
	92.77 %

	Compressure Work
	114.05 %
	100.97 %
	102 %
	100.97 %

	Refrigerating Efficiency
	88.3 %
	99.02 %
	98.01 %
	93.03 %

	Condenser Heat Transfer
	103.98 %
	100 %
	100%
	101.49 %



	Total Exergy destruction
	122.52 %
	102.4 %
	104.38 %
	113.57 %

	Exergitic efficiency
	87.74 %
	99 %
	97.94 %
	92.84 %

	EDR
	122.36 %
	102.31 %
	104.37 %
	113.49 %

	Redesign Required
	Less significant
	Minor
	Significant
	Significant

	System Cost
	Lower
	Same
	Slightly more
	Lower


From above we can see that R22 can be easily replaced by R407C with minute changes in system design. The changes required for R410A, M20 and R134A are significant.

R134A is a lower capacity and lower pressure refrigerant than R22. Because of these characteristics; an R134A air conditioner of same capacity requires a larger displacement compressor and larger evaporator, condenser, and tubing. The end result is a system which costs more to build and to operate than an equivalent R22 system.

R407 C has simllar capacity and pressures as R22. Because of these features, it can be used as an alternative in R22 systems with a minimum of redesign. System efficiency is also same as R22 system. The main disadvantage of R407C is large glide and higher discharge pressures.

M20 is a highest pressure refrigerant as compare to other refrigerants taken for the analysis. It has low COP as compare to R22 system and has high refrigerant charge. So it requires low displacement compressor, large evaporator, condenser and tubing. Hence it has less cost.

R410A is a higher pressure and higher capacity refrigerant than R22. As a result of the higher pressures and higher gas density, smaller displacement compressors can be used along with smaller diameter tubing and valves. Concerns about protection against high condensing pressures have been met with the use of high pressure cutouts on these systems. Compressors are built with thicker shells to withstand the higher operating pressures. A side benefit of their heavier construction has been that R410A compressors have sound levels lower than R22 compressors.

R410A has a significant heat transfer advantage over R22 in the condenser. R134A, M20, R407C and R22 has lower heat transfer coefficient than R410A.The higher heat transfer results in lower condensing temperature for the same operating condition. Refrigerant charge in R410A system is lower as compare to R134A, M20 and R407C system.

Advantages such as High heat transfer, less refrigeration charge, quieter and more efficient compressor operation give R410A clear advantages over other environmentally acceptable replacements for R22. R410A is a substitute to meet the challenges of designing higher efficiency and affordable systems. 
4.3 Results and discussions for Cascade System
A thermodynamic analysis was carried out to evaluate the performance of cascade systems at varying design parameters, using a few selected refrigerants. For this study, CO2 is selected as the low-temperature refrigerant due to its many inherent advantages previously discussed. Propane, propylene, R12, and ammonia are selected as the high-temperature refrigerants, and their performance in the system is compared with R-404A. Carbon dioxide is not taken as a high-temperature fluid as it results in very high pressures and transcritical operation of the system. It should be noted that for an actual system, as the refrigeration capacity of the system varies, the performance of the compressor and heat exchanger represented by compressor efficiency and effectiveness respectively, will not be constant. However for the present investigation, we have considered these parameters constant.
4.3.1 Input conditions

The input to the thermodynamic model are Evaporator coolant inlet temperature (Tin, evap in K), Condenser coolant inlet temperature (Tin, cond in K), Rate of heat absorbed by evaporator ( Qevap in kW), product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K], product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K] and efficiency of compressor (ηisen).The thermodynamic properties of various refrigerants at various state points are taken from Refprop. The values of inputs at design point are given in Table 4.5.

Table 4.5 Values of inputs at design point
	Parameters
	Values

	Evaporator coolant inlet temperature (Tin, evap in K)
	250

	Condenser coolant inlet temperature (Tin, cond in K)
	313

	Rate of heat absorbed by evaporator ( Qevap in kW)
	66.67

	Product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K]
	9.39

	product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K]
	8.2

	efficiency of compressors (ηisen)
	0.65

	Degree of overlap ( K)
	5


4.3.2 Optimum coupling temperature

The temperature of evaporator of HTC is called coupling temperature. In the design phase of a cascade refrigeration system, an important issue is the means of determining the optimal condensing temperature and degree of approach of a cascade-condenser under particular design conditions, such as condensing temperature, evaporating temperature and the temperature difference between the high- and low-circuits in cascade-condenser.

The intermediate temperature between the two cascade circuits is a design parameter that plays an important role in deciding the coefficient of performance (COP) of the overall system. For reversible cycles, assuming no temperature difference between the two fluids in the cascade condenser, the optimum cascade temperature is the geometric mean of the condensing and evaporating temperatures of the cascade system, i.e., to have the same temperature ratio in each, the assumption of a single temperature for both the fluids is not practically feasible, as it would demand infinite area for the cascade condenser. How much the optimum temperature difference between the two fluids should be would depend not only on the heat transfer characteristics of the refrigerants in the two circuits but also on the economics of the design (operating versus capital cost). The larger the temperature difference, the lower the COP of the system. This work employs thermodynamic analysis to determine the optimal condensing temperature and degree of approach of the cascade-condenser in a low-temperature cascade refrigeration system for specified values of the design parameters, such as Evaporator coolant inlet temperature (Tin, evap in K), Condenser coolant inlet temperature (Tin, cond in K), rate of heat absorbed by evaporator ( Qevap in kW), product of condenser effectiveness and capacitance rate of external fluid [(єC)cond, kW/K], product of evaporator effectiveness and capacitance rate of external fluid [(єC)evap, kW/K] and efficiency of compressor (ηisen), the temperature difference between the high- and low-circuits in the cascade-condenser.
Figure 4.14 (a) and (b) shows the variation of COP of LTC and HTC, and overall COP of system respectively with coupling temperature in cascade condenser for CO2/R404A system at design point 
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Figure 4.14(a) Variation of COP of LTC and HTC with coupling temperature
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Figure 4.14(b) Variation of overall system COP with coupling temperature
Figure 4.14 (a) shows that as COP of HTC increases with coupling temperature, COP of LTC decreases. Hence an optimal coupling temperature and its corresponding maximum COP exist. Figure 4.14(b) reveals that the overall COP of system is maximum at 275 K. Hence it is taken as optimal coupling temperature for CO2/ R404A system.

Figure 4.15 (a) and (b) shows the variation of COP of LTC and HTC, and overall COP of system with coupling temperature in cascade condenser for CO2/NH3 system at design point.
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Figure 4.15(a) Variation of COP of LTC and HTC with coupling temperature
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Figure 4.15(b) Variation of overall system COP with coupling temperature
 
Figure 4.15 (a) shows that as COP of HTC increases with coupling temperature, COP of LTC decreases. Hence an optimal coupling temperature and its corresponding maximum COP exist. Figure 4.15 (b) reveals that the overall COP of system is maximum at 260 K. Hence it is taken as optimal coupling temperature for CO2/NH3 system.

Figure 4.16 (a) and (b) shows the variation of COP of LTC and HTC, and overall COP of system with coupling temperature in cascade condenser for CO2/ Propane system at design point. A similar trend as discussed above can be observed in the system. The maximum value of COP lies at condensing temperature of 270 K.
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Figure 4.16 (a) Variation of COP of LTC and HTC with coupling temperature
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Figure 4.16 (b) Variation of overall system COP with coupling temperature
Figure 4.17 (a) and (b) shows the variation of COP of LTC and HTC, and overall COP of system with coupling temperature in cascade condenser for CO2/ Propylene system at design point. A similar trend as discussed above can be observed in the system. The maximum value of COP lies at condensing temperature of 267.5 K.
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Figure 4.17(a) Variation of COP of LTC and HTC with coupling temperature
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Figure 4.17(b) Variation of overall system COP with coupling temperature
Figure 4.18 (a) and (b) shows the variation of COP of LTC and HTC, and overall COP of system with coupling temperature in cascade condenser for CO2/ R12 system at design point. A similar trend as discussed above can be observed in the system. The maximum value of COP lies at condensing temperature of 265 K.
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Figure 4.18(a) Variation of COP of LTC and HTC with coupling temperature
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Figure 4.18(b) Variation of overall system COP with coupling temperature
Hence optimum coupling temperature for R404A, Ammonia, Propane, Propylene and R12 system are 275 K, 260 K, 270 K, 267.5 K, and 265 K respectively,
4.3.3 Effect of degree of overlap
The temperature difference between the two cascade circuits called degree of overlap or approach is a design parameter that plays an important role in deciding the coefficient of performance (COP) of the overall system. The assumption of a single temperature for both the fluids is not practically feasible, as it would demand infinite area for the cascade condenser. How much the optimum temperature difference between the two fluids should be would depend not only on the heat transfer characteristics of the refrigerants in the two circuits but also on the economics of the design (operating versus capital cost). 
Figure 4.19 shows the variation of overall COP with degree of overlap. From the Figure it can be seen that the larger the temperature difference, the lower the COP of the system. At the design point COP for Ammonia system is maximum and minimum for R404A. 
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Figure 4.19 Variation of overall system COP with degree of approach
4.3.4 Effect of Refrigeration Capacity
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Figure 4.20(a) Variation of temperature with inverse of cooling capacity for Ammonia system

Figure 4.20 (a) shows the effect of variation of inverse of cooling capacity on system temperature for Ammonia system. Tin, cond, Tin, evap, Tevap data are independent of refrigerant. There is very slight change in condenser temperature (Tcond) for different refrigerants which can be seen by figure 4.20 (b). 
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Figure 4.20 (b)Variation of condenser temperature with inverse of cooling capacity 
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Figure 4.21(a) Variation of evaporator pressure with inverse of cooling capacity
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Figure 4.21(b) Variation of condenser pressure with inverse of cooling capacity
The amount of heat transfer in condenser for ammonia, R404A, Propane, Propylene and R12 are 92.49 k W, 100 kW, 95.30 kW, 95.3 kW and 94.36 kW respectively. Figure 4.22 and 4.23 shows the comparison of variation of mass flow ratio (ratio of refrigerant mass flow rate in HTC and LTC) and inverse of COP with inverse of cooling capacity for Ammonia, Propane, Propylene and R12 with R404A system. It can be seen from Figures 4.20, 4.21, 4.22 and 4.23 that, at high evaporator capacity, the refrigerant mass-flow rate through the high and low temperature circuit is high, hence mass flow ratio is high and, thus, the temperature difference in the heat exchangers is also high. Therefore, the losses due to finite-temperature difference in the heat exchangers are also high and, hence, the COP is reduced. But as the capacity is decreased, the temperature difference in heat exchangers also decreases, therefore the losses due to the finite rate of heat transfer also decreases and the COP of the system increases. At the designed point mass flow ratio is maximum for R404A and is minimum for Ammonia. At the designed point COP is maximum for Ammonia and is minimum for R404A system. The variation of mass flow ratio and COP of Propane and Propylene systems are almost same.
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Figure 4.22 Variation of mass flow ratio with inverse of cooling capacity
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Figure 4.23 Variation of inverse of COP with inverse of cooling capacity

4.3.5 Effect of Evaporator and Condenser inlet temperature

Figure 4.24 (a) and (b) shows the effect of inlet evaporator temperature of external fluid on COP and refrigerant mass flow rate. From the Figures 4.24 (a) & (b) it can be seen that as the inlet temperature of external fluid at evaporator increases, COP of system increases and refrigerant mass flow ratio decreases. At high evaporator inlet temperature, the refrigerant mass flow rate through the system is decreased and thus, the temperature difference in the heat exchangers is also low. Therefore, the losses due to finite temperature difference in the heat exchangers are also low and, hence, the COP is increased.
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Figure 4.24 (a) Effect of External fluid inlet temperature of Evaporator on COP
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Figure 4.24 (b) Effect of External fluid inlet temperature of Evaporator on mass flow ratio
Figure 4.25 (a) and (b) shows the effect of inlet condenser temperature of external fluid on COP and refrigerant mass flow ratio. An opposite trend exists for the system COP and refrigerant mass flow ratio as expected. From the Figure 4.25 (a) & (b) it can be seen that as the inlet temperature of external fluid at condenser increases, COP of system decreases and refrigerant mass flow ratio increases. Higher the inlet temperature of condenser less is the amount of heat rejected in condenser and hence, the system COP will decrease. 
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Figure 4.25 (a) Effect of External fluid inlet temperature of Condenser on COP
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Figure 4.25 (b) Effect of External fluid inlet temperature of Condenser on mass flow ratio
4.3.6 Effect of Subcooling and Superheating
The superheating of refrigerant (after exiting the evaporator and before entering the compressor) may occur owing to the heat gain in the line joining the evaporator and compressor.
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Figure 4.26 Effect of superheating and subcooling for R404A system

It should be noted that the specific volume of refrigerant vapour is increased owing to superheating, thus reducing the mass-flow rate through the fixed-displacement compressor. On the other hand, subcooling the refrigerant beyond the saturated state after exiting the condenser and before entering the expansion valve normally occurs owing to heat losses in the line joining the condenser and expansion valve. It is expected that subcooling increases the system performance because the specific refrigeration capacity increases with subcooling.

 
Figure 4.26 shows the separate effect of superheating, subcooling and both superheating and subcooling for R404A. The superheating degrades the performance of the system, while subcooling improves the system COP. When we take equal amounts of superheating and subcooling, the performance improves for R404A system. Therefore, the Figure 4.26 shows that, for the given operating condition, the effect of superheating has more influence on the system overall performance. Figure 4.27 shows the effect of superheating, Figure 4.28 shows the effect of subcooling and Figure 4.29 shows the combined effect of superheating and subcooling  for Ammonia, Propane, Propylene and R12 with respect to R404A system.
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Figure 4.27 Effect of superheating on system performance
The effect of superheating is to decrease the COP. Hence it degrades the system performance. 
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Figure 4.28 Effect of subcooling on system performance
The effect of subcooling is to increase the COP. Hence it improves the system performance. 
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Figure 4.29 Combined effect of superheating & subcooling 
When we take equal amount of superheating and subcooling, the COP of R404A, Propane, Propylene and R12 increases. Hence it improves their performance but in Ammonia system COP decreases because of dominating superheat effect. Hence it degrades the Ammonia system performance. 

4.4 Summary of Relative Comparison of Refrigerants with R404A System
On the basis of above results, Ammonia, Propane, Propylene and R12 are compared with R404A at the designed point (Qevap = 66.67 kW, Tin, evap = 250 K, (єC)evap = 8.2 kW/K, Tin, cond = 313K, (єC)cond = 9.39 kW/K, (єC)evap = 8.20 kW/K and ηisen = 0.65). The comparison in tabular format is given below. 
Table 4.6 Summary of relative comparison of various refrigerants with R404A
	FACTORS
	Ammonia
	Propane
	Propylene
	R12

	HTC Pressure ratio 
	216.7  %
	108.74 %
	113.8 %
	142.08 %

	HTC Refrigerant charge 
	7.27 %
	34.79 %
	33.39 %
	77.61 %

	COP
	129.25 %
	115.62 %
	115.92 %
	122.18  %

	Compressor Work
	77.34 %
	86.48 %
	86.25 %
	81.81 %

	Coupling Temperature
	      94.54 %
	98.18 %
	97.27 %
	96.36 %

	Condenser Heat

Transfer
	88.52 %
	92.83 %
	92.83 %
	90.68 %



	Redesign Required
	Significant
	Significant
	Significant
	Significant

	System Cost
	High
	more
	Slightly more
	More


The coupling temperature is maximum for R404A and is minimum for Ammonia. The condenser heat transfer is maximum for R404A and is minimum for Ammonia. The system cost will be more R404A and will be least for Ammonia.

Propane is a higher capacity and higher pressure refrigerant than R404A.Because of these characteristics; Propane air conditioner of same capacity requires a larger displacement compressor and larger evaporator, condenser, and tubing. The end result is a system which costs more to build and to operate than an equivalent R404A system.

Propylene has simllar characteristic as Propane. A propane system can easily be replaced by propylene.

R12 is a higher pressure refrigerant as compare to R404A. It has higher COP and  low refrigerant charge as compare to R404A system. So it requires large displacement compressor, large evaporator, condenser and tubing. Hence it has high cost.

Ammonia is a higher pressure and higher capacity refrigerant than others. Ammonia is the best high-temperature refrigerant among propane, propylene, R12 and R-404A considered in this study. It gives a theoretical optimum COP of about 1.299 with the lowest mass flow rate rate of 0.078 kg/ s in HTC at a condenser temperature of 52.2°C, an evaporator temperature of – 31.28°C, and a cascade heat exchanger approach of 5 K. It also has the lowest optimum operating temperatures and pressures for maximum COP in the cascade heat exchanger.
`
CHAPTER 5
CONCLUSIONS AND SCOPE FOR FUTURE WORK

CONCLUSIONS
On the basis of results obtained from thermodynamic model, following conclusions can be drawn-

For Simple VCRS System
· R410A is a higher pressure and higher capacity refrigerant than R22.As a result of the higher pressures and higher gas density, smaller displacement compressors can be used along with smaller diameter tubing and valves. 
· Concerns about protection against high condensing pressures have been met with the use of high pressure cut outs on these systems. Compressors are built with thicker shells to withstand the higher operating pressures. A side benefit of their heavier construction has been that R410A compressors have sound levels lower than R22 compressors.

· R410A has a significant heat transfer advantage over R22 in the condenser. R134A, M20, R407C and R22 has lower heat transfer than R410A.The higher heat transfer results in lower condensing temperature for the same operating condition.
· Refrigerant charge in R410A system is lower as compare to R134A, M20 and R407C system.
· Advantages such as High heat transfer, less refrigeration charge, quieter and more efficient compressor operation give R410A clear advantages over other environmentally acceptable replacements for R22. R410A is a substitute to meet the challenges of designing higher efficiency and affordable systems.
For Cascade System
· Ammonia is a higher pressure and higher capacity refrigerant than others. 
· Ammonia is the best high-temperature refrigerant among propane, propylene, R12 and R-404A considered in this study.
· It gives a theoretical optimum COP of about 1.299 with the lowest mass flow rate rate of 0.078 kg/ s in HTC at a condenser temperature of 52.2°C, an evaporator temperature of – 31.28°C, and a cascade heat exchanger approach of 5 K. 
· It also has the lowest optimum operating temperatures and pressures for maximum COP in the cascade heat exchanger.
SCOPE FOR FUTURE WORK
1) The present model can be further expanded for designing various components of cycle.

2) The present model can be applied for performance comparision of wide range of Refrigerants.

3) The present model can be further expanded for thermoeconomic analysis of vapour compression system.

4) The effect of pressure loss can be considered.
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Appendix A
Performance of Single stage Vapour compression system is evaluated with five refrigerants (R22, R134A, R410A, M20 and R407C).The Physical Properties of all the refrigerants used are given below-

R22
R 22 is a medium pressure refrigerant like ammonia, although it has the advantage of a smaller pressure ratio. R22 is a very well known and extensively tested refrigerant. It is currently the most frequently used refrigerant worldwide and is implemented in a broad spectrum of applications (evaporating temperature range –40 to +5°C) such as in frozen food display cases, upright freezers, chest freezers, air-conditioners, cold rooms, refrigerated storage for scientific purposes, in transport refrigeration, commercial refrigeration (especially in supermarkets), industrial refrigeration, but also for heat pumps. R 22 is nonflammable and toxicologically safe (EC standard limit value (TLV-TWA) 1,000 vol.-ppm). The ODP value is 94.5% less than R12. Due to the remaining ODP value of 5.5%, R22 must be labelled in the EC as”Dangerous for the ozone layer”. Under refrigerating machine conditions, R22 is thermally and chemically stable. The compatibility with metals is comparable to that of R12. Standard structural materials are: copper, brass, monel metal, nickel, cast iron, steel and aluminum. Magnesium, lead, zinc and aluminum alloys with more than 2% by weight of magnesium should not be used.
R134A
R 134a is the long-term alternative for the CFC refrigerant R12. R134a was introduced as the first refrigerant substitute and may be designated today as state-of-the-art. In its physical and refrigeration properties, R134a compares very well to R12. R134a may replace R12 in practically all applications, such as in household refrigerators, automobile air conditioners, heat pumps, centrifugal water chillers for air conditioning in buildings, for transport and commercial refrigeration. The refrigeration industry has created the technical prerequisites for application. Refrigerating machines, plant parts and components are offered on a broad basis. In addition, the conversion of existing R12 refrigerating plants, particularly newer plants, as well as of plants with semihermetic or open compressors is possible, although only after some modifications of the plant. R134a is nonflammable and toxicologically safe. R134a is thermally and chemically stable. Its compatibility with metals is comparable to that of R12. All metals and metal alloys standard used in refrigerating machine construction may be utilized. Only zinc, magnesium, lead and aluminum alloys with more than 2% by weight of magnesium should be avoided.

R410A
R410A is preferred internationally as a long-term refrigerant substitute for R22. This refrigerant blend is a near-azeotrope with a very low temperature glide. It is made for use in new plants and will replace R22 as a working medium in refrigerating plants, air conditioners and heat pumps. The essential difference from R22 is the higher working pressure. There are application possibilities for the refrigerant R410A in air conditioners, heat pumps, and cold room storage, commercial and industrial refrigeration. R410A is nonflammable and toxicologically safe. Based on PAFT tests, the recommended TLV is 1,000 ppm.. R410A is thermally and chemically stable. There is compatibility with the standard metals used in refrigeration machine construction such as steel, copper, aluminum and brass. However, zinc, magnesium, lead and aluminum alloys with more than 2% by weight of magnesium should also be avoided.

R407C
As R22 replacements, neither pure substances nor azeotropic or near-azeotropic mixtures were found which match the partially halogenated hydrochlorofluorocarbon (HCFC) R22 in its properties. R407C is a zeotropic mixture of R125, R32 and R134a (25/23/52% by weight) with a temperature glide of approx. 7 K. It is a long-term alternative to R22 in certain applications. R407C is thermally and chemically stable and has a comparable or lower toxicity than R22. Based on PAFT results, a TLV of 1,000 ppm is recommended. Compatibility with metals is comparable to that of R22. All standard materials used in refrigeration machine construction may be used. Zinc, lead, magnesium and aluminum alloys with more than 2% by weight of magnesium should be avoided.

M20
M20 is blend of R407C and HC. It was found that addition of HC blend (R290:R600a = 45.2:54.8by mass) with R407C could solve the miscibility problem of R407C with mineral oil. M20 has 80% R407C & 20% HC blend by mass.
Table A : Comparison of various refrigerants
	Properties
	R22
	R134A
	R410A
	R407C
	M20

	Chemical Formula
	CHClF2
	CH2FCF3
	CH2F2/CHF2CF3
	CHF2CF3/ CH2F2/ CH2FCF3
	CHF2CF3/ CH2F2/ CH2FCF3/
C3H8/

(CH3)3CH

	Molecular Weight ( kg / Kmol)
	86.5
	102
	72.6
	86.2
	76.665

	B.P. at 1.013 bar [[°C ]
	-40.8
	-26.1
	-51.6
	-43.8
	-51.15

	Critical temperature [°C]
	96.1
	101.1
	70.2
	86
	84.727

	Critical pressure [bar]
	49.9
	40.6
	47.7
	46.3
	48.349


Appendix B
The performance of double stage vapour compression cycle is evaluated with CO2 as LTC refrigerant and Ammonia, Propane, R12, R404A, Propylene as HTC refrigerant. The Physical Properties of all the refrigerants used are given below-
CO2 (R-744)

Carbon dioxide is a potential low temperature refrigerant for temperature down to -50oC due to its low cost, easy availability, and favorable properties.CO2 is an odorless, colorless, and non flammable eco friendly refrigerant that is available as a by product from many processes and plants. Due to its high pressure at low temperatures, it requires a smaller compressor. Although carbon dioxide is a global warming gas, its use in refrigeration systems does not actually contribute to global warming as it is not produced as a refrigerant but captured as a by-product from a process plant. CO2 is generally used in LTC.

Ammonia (R-717)

Ammonia is used in HTC because of high boiling point. It is a natural refrigerant. It is highly toxic, Flammable, irritating and food destroying but it has excellent thermal properties. It has high refrigeration effect. It has low volumetric displacement and low cost.Ammonia is commonly used in ice factories and breweries without exception. Ammonia attacks on non ferrous metals in the presense of water therefore Cu and brass are never used with ammonia refrigeration system.

Propane (R-290)

Propane is a lower boiling, higher pressure and smaller suction vapour volume substitute. It is used in petroleum industries. It is flammable, easily available and compatible with mineral oil. It has zero global warming potential. It is used HTC.

R12 (Freon-12)

It is non toxic, non flammable, non corrosive. It is fully oil miscible. It is used for domestic applications. Its ODP is 0.9 and GWP is 8500. It is used in HTC. 

R404A
R404A is a long-term alternative for the CFC refrigerant R502. R404A is a near-azeotropic blend of R125, R143a and R134a (44/52/4% by weight). R404A is nonflammable, has a toxicity comparable to R502 and is thermally and chemically stable.

R404A is not miscible with mineral oil. It is used in HTC. It has zero ODP and it’s GWP 3260.
Propylene (R1270)

It is unsaturated organic compound.It is used in super markets, food freezing plants, and other type of food freezing processes. 

Table B: Comparison of various refrigerants
	Properties
	R717
	R290
	R12
	R744
	R404A
	R1270

	Chemical Formula
	NH3
	C3H8
	CCl2F2
	CO2
	CHF2CF3/ CH3CF3/ CH2FCF3
	C3H6

	Molecular Weight ( kg / Kmol)
	17.03
	44.096
	120.91
	44.01
	97.6
	42.08

	B.P. at 1.013 bar [[°C ]
	-33.327
	-42.09
	-29.752
	-56.558
	-46.6
	-47.69

	Critical temperature [°C]
	135.25
	96.675
	111.97
	30.978
	72.1
	92.42

	Critical pressure [bar]
	113.33
	42.471
	41.361
	73.77
	37.4
	46.64
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Figure 3.3(a) A flow chart for thermodynamic model of simple VCRS








Calculate Tevap from Eq(2) and


 h3 by using Refprop at Tevap. assumed that Tcond= Tin,cond +0.05 & dT= 0.1





h 1 is calculated using Refprop at Tcond and h1= h2





h 5 is calculated from Eq(4)


h6 is calculated from Eq(6)





DIF = ( h6’ – h6 )





mref is calculated from Eq(2)


h 4 is calculated from Eq(5)





Tcond = Tcond  + dT





Qcond is calculated from Eq(3) and h6’ is also calculated from Eq(3)





dT=dT/2


Tcond=Tcond - dT





IF


(DIF<0)





IF 


Abs(DIF)


<.0001





IF


(DIF>0)








STOP
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(єC)cond,


(єC)evap,ηisen
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Figure 3.5 Schematic diagram of a cascade system





Inputs are Qevap , Tin, evap , Tin, cond , (ЄC)cond , (ЄC)evap , ηisen,


dTcondenser, subcool, dTline, subcool, dToverlap,	dTevap, superheat


dTsuction, superheat











Tevap is calculated from Eq.(21), Calculate T3 &T4 .





IF  (DIF<0.0)





ΔT = ΔT/2


Tcond = Tcond . ΔT





IF (DIF>0.0)





Calculate P1, h2, s2, h3, s3, h4, s4 using refprop s5s=s4





It is assumed that Tcond=Tin, cond+0.05 and ΔT=0.1





Tcond=Tcond+ΔT





Calculate T6 =  To +dToverlap.





Calculate P6, h5s by using refprop





Calculate h5 by using Eq.(23)





Calculate s5, h6, s6 by using refprop





Calculate h1, mLTC, Qloss, h51 by using Eq.(24),(25),(26),(27) resp.





Calculate s51, h8, P8, s8, P10, h9s by using refprop s9s=s8





Calculate h9 by using Eq.(28)





Calculate s9, s10, h10 by using refprop





Calculate T11 and T12 





Calculate h11, s11, h12 by using  refprop





Calculate h7, mHTC, h91, Qcond, h92 by using Eq.(29),(30),(31) , (32)&(33)





DIF = h92 - h91





IF (ABS(DIF)<0.0001)





STOP





Figure 3.6(a) Flow chart for the thermodynamic model of cascade system





Figure 1.2 Temperature – Entropy diagram
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ΔTsuperheat = ΔTsubcool = ΔTsuperheat + ΔTsubcool (K)





ΔTsuperheat = ΔTsubcool = ΔTsuperheat + ΔTsubcool (K)





ΔTsuperheat = ΔTsubcool = ΔTsuperheat + ΔTsubcool (K)








Air cooled condenser  
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Model Equations 1 to 20





OUTPUT





COP


W
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EDR


h, s, p, T, m, and e at all state points
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Model Equations 21 to 34
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